PCR Amplification of Chlamydial MOMP Genes: Detection, Sequence Analysis and Evolution. by Kaltenboeck, Bernhard
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1991
PCR Amplification of Chlamydial MOMP Genes:
Detection, Sequence Analysis and Evolution.
Bernhard Kaltenboeck
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Kaltenboeck, Bernhard, "PCR Amplification of Chlamydial MOMP Genes: Detection, Sequence Analysis and Evolution." (1991).
LSU Historical Dissertations and Theses. 5191.
https://digitalcommons.lsu.edu/gradschool_disstheses/5191
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UM I 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy subm itted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UM I a com plete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a  note will indicate 
the deletion.
Oversize m aterials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed  in one exposure and is included in 
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order.
University Microfilms International 
A Beil & Howell Information Com pany 
300 North Zeeb Road. Ann Arbor. Ml 48106-1346 USA 
313/761-4700 800/521-0600

Order N um ber 9207513
P C R  am plifica tion  o f ch lam yd ia l M O M P  genes: D e tec tio n , 
sequence analysis a n d  evo lu tion
Kaltenboeck, Bernhard, Ph.D.
The Louisiana State University and Agricultural and Mechanical Col., 1991
U M I
300 N. ZeebRd.
Ann Arbor, MI 48106

PCR AMPLIFICATION OF CHLAMYDIAL MOMP GENES 
DETECTION, SEQUENCE ANALYSIS AND EVOLUTION
A Dissertation
Submitted to the G raduate Faculty of the 
Louisiana State University and 
Agricultural and  Mechanical College 
in partial fulfillment of the 
requirem ents for the degree of 
Doctor of Philosophy
in
The Interdepartm ental Program  in 
Veterinary Medical Sciences 
(Option Veterinary Microbiology and Parasitology)
by
Bernhard Kaltenboeck 
Dr. med. vet., Veterinaermedizinische U niversitaet W ien, A ustria, 1977
A ugust 1991
To m y wife, Ludmilla. Your loving support and sacrifice of a part of your 
career have m ade m y step into science possible.
To m y children, A nna and Georg. W ithout you our w orld  w ould be so 
m uch less colorful.
ACKNOWLEDGMENTS
I express m y deep gratitude to m y major professor, Dr. Johannes Storz, 
for opening  a w ealth  of research opportun ities to me, for continuously 
supporting  m e in their pu rsu it, and for carefully in troducing  m e to the 
scientific comm unity. I am  indebted to Dr. Konstantin G. Kousoulas for his 
advice and the use of the Gene Lab facilities. I also thank the m em bers of my 
graduate committee, Drs. Sue G. Bartlett, David W. H orohov, and William 
J. Todd, for their helpful advice.
W ith Joey Spatafora and Dr. M eredith Blackwell I developed a special 
rela tionsh ip  du ring  hours o f discussions in  true  scientific excitem ent. I 
greatly  appreciate their help w ith phylogenetic analysis, their constructive 
criticism, and the enjoyable experience of our m utual support.
The technical assistance of M amie Burrell, Li-Ju H uang, and  Susan 
N ew m an is gratefully acknowledged.
This investigation was m ade possible through financial aid  provided by 
From m  Laboratories, Inc., Grafton, W isconsin, special Research G rant 84- 
CRSR-2-2445, U nited States D epartm ent of A griculture, and  a Veterinary 
R esearch G rad u ate  Fellow ship  of the  School of V eterinary  M edicine, 
Louisiana State University. A dditional funds came from  the Bundeskamm er 
der T ieraerzte O esterreichs, A ustria, A grarservice Ges. m .b.H ., Graz, 
A ustria, W. Schaumann Ges. m.b.H., Pinneberg, Germany, and Bayer AG., 
Leverkusen, Germany.
TABLE OF CONTENTS 
Chapter Page
TITLE................................................................................................... i
DEDICATION.................................................................................  ii
ACKNOW LEDGM ENTS...............    iii
LIST OF TABLES............................................................................  v iii
LIST OF FIGURES..........................................................................  ix
ABSTRACT.....................................................   xi
I. INTRODUCTION............................................................................  1
A. Statem ent of the Research P roblem .................................  2
B. Research O bjectives..............................................................  3
n . REVIEW OF THE BIOLOGICAL AND PATHOGENIC
SIGNIFICANCE OF CH LAM YD IA ..........................................  5
A. Basic Biology of the Genus Chlamydia............................ 5
B. E v o lu tio n ................................................................................ 6
C. H ost Range and Disease Potential.....................................  8
D. Im m une Response and Pathogenetic M echanisms .....  9
D.l. Cell M ediated Im m u n ity ....................................... 9
D.2. H um oral Im m unity ................................................  10
D.3. Im m u n o p a th o lo g y ..................................................  12
E. Detection .................................................................................  14
E.l. Direct Detection of C h lam ydiae ..........................  15
E.2. Detection of Antichlam ydial A n tibody   17
Chapter Page
III. DETECTION AND STRAIN DIFFERENTIATION OF
CHLAMYDIA PSITTACI MEDIATED BY A TWO-STEP 
POLYMERASE CHAIN REACTION.......................................  18
A. In tro d u c tio n ............................................................................  18
B. M aterials and  M eth o d s........................................................  21
B.l. Chlam ydial s tra in s ..................................................  21
B.2. Extraction of Chlamydial DNA.............................  21
B.3. O ligonucleotide P rim ers........................................ 23
B.4. PCR-Amplification of Chlam ydial D N A   24
B.5. Analysis of Am plified D N A ................................. 26
B.6. Examination of Clinical S am p le s .......................  27
C. Results........................................................................................  27
C.l. Optim ization of the P C R ....................................... 27
C.2. Determ ination of the Sensitivity of PCR-
A m plification .........................................................  27
C.3. Specificity of Amplification Determ ined by
Partial Sequence A nalysis....................................  29
C.4. PCR-Amplification is C. psittaci Subspecies-
Specific ......................................................................  30
C.5. Strain Differentiation by Restriction
Endonuclease Analysis of Am plified
F ragm ents.................................................................  32
C.6. PCR Analysis of Clinical S am p les...................... 34
D. D iscussion ...............................................................................  36
v
Chapter Page
IV. PHYLOGENETIC RELATIONSHIPS AMONG THE 
GENUS CHLAM YDIA  INFERRED FROM DNA 
SEQUENCES OF THE MAJOR OUTER MEMBRANE 
PROTEIN GENE ompA .................................................................... 40
A. In tro d u c tio n ............................................................................  40
B. Materials and M ethods......................................................... 42
B.l. Chlam ydial S tra in s .................................................. 42
B.2. Extraction of Chlam ydial D N A ............................  42
B.3. PCR-Amplification of Chlam ydial MOMP
Gene DNA Fragm ents..........................................  44
B.4. Production of Single-Stranded DNA and
Dideoxy-DNA Sequencing...................................  47
B.5. Com puter-A ssisted Sequence A lignm ent  48
B.6. Phylogenetic In ference ...........................................  49
C. Results........................................................................................  53
C.l. PCR-Amplification and DNA Sequencing of
Chlam ydial MOMP G enes...................................  53
C.2. Structure of the Partial Chlam ydial MOMP
G enes.........................................................................  54
C.3. Sequence Similarities Am ong Partial MOMP
G en es.........................................................................  61
C.4. M olecular Evolution of Chlam ydial MOMP
G enes.........................................................................  65
D. D iscussion................................................................................ 70
v i
Chapter Page
V. DETECTION AND DIFFERENTIATION OF CHLAM YDIA
BY A TWO-STEP POLYMERASE CHAIN REACTION.... 78
A. In tro d u c tio n .............................................................................  78
B. M aterials and M eth o d s..........................................................  79
B.l. Chlam ydial S tra in s .................................................  79
B.2. Extraction of Chlam ydial D N A ...........................  81
B.3. O ligonucleotide P rim ers........................................ 81
B.4. PC R-A m plification..................................................  82
B.5. Analysis of Am plified D N A ................................  85
B.6. Clinical S am ples......................................................  85
C. R e su lts ........................................................................................ 86
C.l. D eterm ination of the Sensitivity of Genus-
Specific PCR-Amplification.................................  86
C.2. Chlam ydial MOMP Gene Fragm ents
Am plified by the Genus-Specific PCR............... 88
C.3. Differentiation of G roups of Chlam ydial
MOMP Genotypes by PCR-Amplification  88
C.4. Differentiation of Chlam ydial MOMP
Genotypes by Restriction Endonuclease
Analysis of Am plified DNA Fragm ents  91
C.5. Analysis of Clinical S am p les...............................  93
D. D iscussion .................................................................................. 95
VI. ASSESSMENTS AND PERSPECTIVES.....................................  100
VII. BIBLIOGRAPHY................................................................................  107
VIII. CURRICULUM V ITA E.................................................................. 123
v ii
LIST OF TABLES
Table Page
III.l. Origin, biovars and serovars of C. psittaci included in the
PCR analysis of chlamydial MOMP g e n e s ...............................  22
IV. 1. Chlam ydial strains used in partial MOMP gene DNA
seq u en c in g ........................................................................................ 43
IV.2. Oligonucleotide prim ers used in PCR-amplificiation and
DNA sequencing of the chlamydial MOMP g e n e s ................ 46
IV.3. Chlam ydial MOMP gene prototypes (MOMP genotypes)
used in  phylogenetic in ference ................................................... 50
IV.4. Com parison of chlam ydial genomic DNA-DNA and
partial MOMP gene sim ilarities.................................................. 63
V .l. Origin, MOMP genotype, serovar, and RFLP type of
chlam ydial strains included in PCR detection and 
differentiation of chlamydial MOMP g e n es ............................  80
V.2. O ligonucleotide prim ers used in  prim ary and secondary
PCR-amplifications of chlamydial MOMP g e n e s ................... 84
V.3. Calculated lengths (base pairs) of amplified and restricted
MOMP gene DNA fragm ents of chlamydial strains 
included in PCR detection and differentiation.......................  90
vii i
LIST OF FIGURES
Figure Page
m i .  Schematic representation of the GPIC MOMP gene w ith
prim ers used in C. psittaci subspecies-specific PCR...............  25
III.2. Determ ination of sensitivity of prim ary and combined
prim ary and secondary PCR-amplification of B-577 MOMP
gene sequences................................................................................  28
IIL3. Determ ination of strains of C. psittaci amplified by
C. psittaci subspecies-specific PC R ............................................  31
111.4. Strain differentiation through Hae III restriction of
amplified C. psittaci MOMP g en es .............................................  33
111.5. PCR analysis of m ilk from seven cases of bovine mastitis.. 35
IV. 1. Schematic representation of the chlamydial MOMP gene
indicating the relative location of the oligonucleotide
prim ers used in PCR and DNA sequencing ............................  45
IV.2. Alignment of nucleotide sequences of partial chlamydial
MOMP g e n e s ...................................   58
IV.3. Alignment of deduced amino acid sequences of partial
chlamydial MOMP pep tides......................................................... 60
IV.4. Phylogram  of Chlamydia ...............................................................  67
IV.5. Cladogram  of Chlamydia ...............................................................  68
V .l. Schematic representation of the chlamydial MOMP gene
indicating the relative positions of the oligonucleotide 
prim ers used in the PCR-am plifications..................................  83
V.2. Determ ination of the sensitivity of prim ary and combined
prim ary and secondary genus-specific PCR-amplifications 
of the B577 MOMP gene ................................................................  87
ix
Figure Page
V.3. Determ ination of chlamydial MOMP genotypes amplified
in prim ary, secondary genus-specific, and  secondary
group-specific PC Rs........................................................................  89
V.4. Differentiation of MOMP genotypes by restriction
endonuclease analysis of secondary amplification products 92
V.5. PCR exam ination of milk from cows w ith m a s tit is ...............  94
V I.l. Potential B cell epitopes of the MOMP of C. psittaci 
MOMP genotype MN revealed by a hydrophilicity-plot of
the VD p e p tid e ................................................................................  104
VI.2. Potential T helper cell epitopes of the MOMP of
C. psittaci MN and C. trachomatis LI as revealed 
by an am phipathicity-plot of a conserved MOMP 
peptide between VD I and VD II.................................................. 105
x
ABSTRACT
Sensitive  de tec tion  an d  d iffe ren tia tio n  of the  b ac teria l genus 
Chlamydia (C.) was accomplished using the polym erase chain reaction (PCR), 
and  phylogenetic relationships am ong chlam ydiae w ere inferred from DNA 
sequences of amplified major outer m em brane protein (MOMP) genes.
DNA of strains of C. psittaci was efficiently am plified using prim ers 
hom ologous to nontranslated regions of the MOMP genes (ompA ). Portions 
of these reactions were ream plified using one different prim er specific for an 
internal ompA sequence. Prim ary amplification products w ere differentiated 
by restriction  analysis. D egenerate, inosine contain ing oligonucleotide 
p rim ers  hom ologous to  te rm in a l tran s la ted  reg ions am p lified  DNA 
fragm ents of all chlamydial MOMP genes. Partial ompA  DNA sequences of 
25 chlam ydial strains representing  all species, C. psittaci, C. pneumoniae, 
and  C. trachomatis, w ere obtained by dideoxy-DNA sequencing using genus- 
specific prim ers. MOMP gene sequences were generally identical in related 
chlam ydial strains. Chlam ydial phylogenetic relationships w ere inferred by 
com puter-assisted m axim um  parsim ony (cladisitic) analysis of 23 aligned 
MOMP genotypes. The phylogram  supported m onophyly of Chlamydia 
in  the  e v o lu tio n  of the  M OM P gene. C. psittac i s tra in  M N 
(m eningopneum onitis) was closest to an hypothetical chlam ydial ancestor. 
Avian types of C. psittaci w ith  w ide host range and broad disease potential 
represented ancestral chlamydiae. H ighly evolved groups of C. trachomatis,
C. pneumoniae w ith  the MOMP genotype KOALA of chlam ydial isolates 
from Phascolarctus cinereus (Koala), and rum inant and porcine isolates of
C. psittaci w ith  disease p ropensity  for po lyarth ritis w ere uniquely  host- 
adapted.
All exam ined MOMP genotypes of Chlamydia  w ere detected  in 
another tw o-step PCR. Prim ers hom ologous to transla ted  term inal om pA  
regions w ere used in prim ary PCR. A portion was am plified in secondary 
genus-specific reactions w ith prim ers internal to the first step prim ers. Three 
chlamydial genomes were detected in a background of 1 pg  unrelated  DNA. 
Group-specific secondary PCR used one genus-specific prim er and  prim ers 
derived from  fingerprint regions of major chlam ydial groups. Four groups 
w ere differentiated as am plification products. S im ultaneous presence of 
DNA from  different chlam ydial groups w as detected. Restriction analysis 
differentiated MOMP genotypes of the groups. DNA sequences corresponding 
to B577 /  LW508 MOMP genotypes of C. psittaci w ere detected in two out of 
seven m ilk sam ples from cases of bovine mastitis.
Chapter I. INTRODUCTION
Chlamydia (C.) represents the single genus of the fam ily Chlamydiaceae, 
and the order Chlamydiales. It is currently com prised of three species,
C. psittaci, C. pneumoniae, and  C. trachomatis (37, 88). These bacteria 
depend on energy from eucaryotic cells and are characterized by their unique 
developm ental cycle. Extracellular elem entary bodies reorganize to form 
fragile reticulate bodies upon  entry of the host cell. These reticulate bodies 
d ivide w ithin m em brane-bounded host cell com partm ents by binary fission, 
and condense into a new  generation of infectious elem entary bodies.
Chlam ydiae cause clinically inapparent infections and a variety of diseases 
in hum ans, m arsupials, other m am m als, and  birds. In  m an, m ost notable 
are trachom a and urogenital infections due  to C. trachomatis, resp iratory  
infections due to C. pneumoniae, and psittacosis caused by C. psittaci (38, 121). 
In anim als, C. psittaci is capable of inducing diverse disease syndrom es like 
enteritis, urogenital infections and abortions, pneum onia, polyarthritis, 
polyserositis, encephalitis, and  m astitis (132).
The three species can be readily distinguished, and serovars of
C. trachomatis are well established (15, 88). Subspecies differentiation within 
the  heterogeneous species C. psittaci has been a ttem pted  on the basis of 
inclusion  m orpho logy  an d  effect of cytoactive agen ts (126), p laque 
neutralization  (122, 123), m icroim m unofluorescence (24, 105), m onoclonal 
antibodies (31, 140), and by genetic approaches such as RFLP analysis of 
chlam ydial chrom osomal DNA (15, 77, 146), the presence and  properties of 
plasm ids (73, 78,147), and DNA-DNA hybridization (21, 32).
C hlam ydiae w ere p roposed  as a separate  eubacterial d iv ision  w ith  a 
possible d istan t relationship to Planctomyces (154). W hile the chlamydial
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species share less than 10% DNA similarity am ong each other (21), the gene 
encoding the m ajor outer m em brane protein, ompA, is about 68% identical 
b e tw e e n  C. psittaci and C. trachomatis (165). This pro tein  functions as a 
red o x -g a ted  p o rin  m olecu le , an d  co n trib u tes  th ro u g h  in tra -  and  
interm olecular disulfide bonds to the structure of the chlamydial envelope (6, 
92). Four evenly  spaced variable  dom ains (VD), w hich determ ine the 
serovars of C. trachomatis, in terrup t highly conserved regions (3, 131) of the 
pro tein .
LA. STATEMENT OF THE RESEARCH PROBLEM.
Strains of C. psittaci, despite  being classified as one species, display 
significant biological, pathogenic, and antigenic differences. The diagnosis of 
the  d ifferen t ch lam yd ia-induced  diseases is still a d ifficu lt an d  time- 
consum ing task. Furtherm ore, differentiation of chlam ydial isolates cannot 
easily be accom plished, and  phylogenetic relations w ith in  the genus are 
poorly  understood  (87). Therefore, further characterization is needed in 
o rd er to  im prove  labora to ry  procedures for ch lam ydial detection  and 
differentiation, and  ultim ately to establish an expanded classification scheme.
The MOMP genes of different chlam ydial strains are the subject of these 
investigations. It is anticipated that antigenic regions of MOMP, which 
com prises 60% of the  chlam ydial envelope pro teins (13), determ ine the 
seroreactivity of all chlam ydial species. K now ledge of the nucleotide and 
deduced  am ino acid sequences of this p ro tein  from  different chlam ydial 
strains could open new  ways of chlamydial detection, differentiation, and 
possibly classification.
3I.B. RESEARCH OBJECTIVES.
Follow ing a review  of the biological and  pathogenic  significance of 
C hlam ydia, the d ifferent chapters of this d isserta tion  describe specific 
experim ental approaches to accomplish the following objectives :
1. To detect the presence of DNA from strains of C. psittaci by PCR- 
amplification of the MOMP gene and to differentiate the chlamydial 
strains by restriction endonuclease analysis of the amplification 
products.
2. To obtain the partial MOMP gene DNA sequence of representative 
strains of all chlamydial species and establish their phylogenetic 
relationships by m axim um  parsim ony analysis.
3. To detect the presence of DNA of the genus Chlamydia by PCR- 
amplification of MOMP gene DNA fragm ents and to differentiate 
chlamydiae by group-specific PCR-amplification and restriction 
endonuclease analysis of the amplification products.
The goal of these investigations is to develop highly sensitive detection 
m ethods for chlamydiae, to differentiate unam biguously betw een them , and 
to  im prove the  u n d ers tan d in g  of chlam ydial phylogenetic  relationsh ips 
through analysis of the m olecular evolution of the MOMP gene. The results 
from  the investigations are presented as individual, self-contained chapters 
w hich represent m anuscripts subm itted for publication to different refereed 
journals. They are entitled :
1. "Detection and  Strain Differentiation of Chlamydia psittaci M ediated by a 
Two-Step Polymerase Chain Reaction (PCR)." Subm itted for publication 
to the "Journal of Clinical Microbiology." Co-authored by K. Kousoulas 
and J. Storz.
2. "Phylogenetic Relationships Am ong the Genus Chlamydia Inferred From
4DNA Sequences of the Major O uter M embrane Protein Gene ompA" 
Subm itted for publication to "Journal of Bacteriology." Co-authored by 
K. Kousoulas and J. Storz.
3. "Detection and Differentiation of Chlamydia by a Two-Step Polymerase 
Chain Reaction (PCR)." Subm itted for publication to the "Journal of 
Clinical Microbiology." Co-authored by K. Kousoulas and  J. Storz.
Chapter II. REVIEW OF THE BIOLOGICAL AND PATHOGENIC 
SIGNIFICANCE OF CHLAMYDIA
II.A. BASIC BIOLOGY OF THE GENUS CHLAMYDIA.
C hlam ydial agents form  a large group  of eubacterial, gram  negative, 
nonm otile  organism s. They m u ltip ly  only  w ith in  m em brane-bounded  
com partm ents in the cytoplasm  of eukaryotic host cells by means of a unique 
developm ental cycle (88). C hlam ydiae can be p ropagated  in laboratory  
animals, yolk sacs of developing chicken embryos, or in cell cultures. They 
rely on their host cells for high-energy com pounds and low  m olecular weight 
synthetic interm ediates from which they synthesize their ow n DNA, RNA, 
and protein, as well as small chlamydia-specific molecules.
The infectious elem entary bodies (EB) are 0.2-0.4 pm  in diam eter, they 
contain  electron-dense nuclear m ateria l and  few  ribosom es, and  are 
surrounded  by rigid trilam inar walls (20). These cell walls do not contain 
m uram ic acid (29) which is the hallm ark com ponent of peptidoglycan of the 
typical bacterial cell wall. Instead, strength and rigidity of the cell walls of 
Chlamydia appear to be conferred by disulfide cross-linked outer m em brane 
proteins (6, 92). O uter m em brane proteins of other chlam ydial form s are 
m inim ally d isulfide cross-linked, w hich renders them  very fragile. All 
chlam ydial developm ental form s contain a cell-wall associated, genus- 
specific-lipopolysaccaride (LPS) antigen that contains 2-keto-3-deoxyoctanoic 
acid (10).
After attachm ent to the plasm a m em brane of the host cell and endocytosis 
the EBs prevent fusion of the endosom e with lysosomes. They reorganize via 
a dispersing form to the metabolically active reticulate bodies (RB), which are 
0.6-1.5 pm  in diam eter (20, 127). As com pared to EBs, RBs have less dense,
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fibrillar nuclear m aterial, m ore ribosom es, and th inner and m ore flexible 
trilam inar walls (20). Cell walls of EBs and RBs exhibit regu lar hexagonal 
arrays of subunits on the inner surface and single patches of hexagonally 
ordered hem ispheric projections on their outer ones (41, 75).
RBs d iv id e  by  b in a ry  fiss io n  w ith in  th e  m em b ra n e -b o u n d e d
com partm ents, term ed  inclusions, and  are no t infectious (88). The
developm ental cycle is com plete w hen the reticulate bodies reorganize via 
the condensing form  (127) into a new  generation of elem entary bodies. They 
are released by lysis of the host cell and survive extracellularly to initiate 
another infection.
II.B. EVOLUTION.
Chlamydia represents the single genus of the fam ily Chlamydiaceae, and 
the order Chlamydiales. It is currently comprised of three species, C. psittaci,
C. pneumoniae, and C. trachomatis (37, 88). C. trachomatis is separated  from
C. psittaci and  C. pneum oniae  by  the inc lusion  m o rp ho logy , the  
accum ulation of glycogen w ith in  the inclusions, and  the susceptibility  to 
grow th inhibition by sulfadiazine (37,97). Species identification of
C. pneumoniae is based on u ltrastructu ral m orphology of the elem entary  
body, DNA analysis, and serology (37).
W hile C. pneumoniae appears to be hom ogeneous (15, 16, 21) the other 
chlamydial species exhibit considerable heterogeneity. Fifteen serovars of
C. trachomatis are well established (148, 150). Based on disease and  host 
specificity , C. trachomatis is sep ara ted  in to  the  b iovars trachom a, 
lym phogranulom a venereum  (LGV), and  m ouse, w hich com prises the
single m ouse pneum onitis isolate MOPN (88, 95). Subspecies differentiation 
w ithin  the heterogeneous species C. psittaci has been attem pted on the basis
of inclusion m orphology and  effect of cytoactive agents (126), p laque 
neutralization (122, 123), m icroim m unofluorescence (24, 105), m onoclonal 
antibodies (1, 31, 140), and by genetic approaches such as restriction fragm ent 
length polym orphism  (RFLP) analysis of chlamydial chrom osomal DNA (15, 
77,146), the presence and properties of plasm ids (73, 78,147), and DNA-DNA 
hybridization (21, 32).
The DNA of C. trachomatis and C. psittaci consists of a closed circular 
double-stranded chrom osom e and a p lasm id, w hich is not p resen t in all 
chlamydiae (78, 100, 108,119). The size of the chromosome for these species is 
very  sim ila r, an d  it  is one of the  sm allest p ro k ary o tic  genom es. 
M easurem ents of the sed im entation  properties and  the reassociation of 
denatured chromosomal DNA yielded an average molecular w eight for
C. trachomatis and C. psittaci of 6 .6x10^ w hich corresponds to l . l x lO ^  
nucleotide pairs (68, 119). Determ ination of the genom e size by pulsed-field 
gel electrophoresis found a slightly bigger size of 1.45x 106 nucleotide pairs for 
the chlam ydial genom e (30). The m olar percentages of guanine p lus cytosine 
have been determ ined by evaluations of buoyant densities and denaturation 
tem peratures of chlamydial DNA (21, 34, 69, 155). The consensus is that
C. psittaci and  C. pneumoniae generally  display low er percentages w ith  a 
m ean of 41%, while C. trachomatis strains have a m ean of 44%.
C hlam ydiae w ere p roposed  as a separate  eubacterial d iv ision  w ith  a 
possible d istan t relationship to the m arine bacterial genus Planctomyces (154) 
which, like Chlamydia, lacks peptidoglycan. The 16S rRNA sequences of
C. trachomatis biovar LGV and C. psittaci 6BC differ from  each other by only 
5% w hile at the sam e tim e being clearly separated  from  all o ther know n 
eubacterial 16S rRNA sequences (154). The 16S rRNA genes of the trachoma 
and LGV biovars are closely related, and the corresponding genes in
C. trachomatis biovar m ouse and C. psittaci s tra in  gu inea  p ig  inclusion 
conjunctivitis (GPIC) share partial bu t no t com plete nucleotide sequence 
hom ology w ith the C. trachomatis biovar LGV gene (101). These data argue 
strongly for a m onophyletic origin of the genus.
Phylogenetic relations w ithin the genus are poorly understood (87). Of the 
three biovars of C. trachomatis, LGV and trachom a exhibit alm ost 100% DNA 
sim ilarity, bu t the DNA relatedness of the m ouse biovar to the other two 
biovars is 30 to 60% (32,155). The degree of DNA similarity between
C. trachomatis and  the o ther chlam ydial species as w ell as the sim ilarities 
betw een strains of C. psittaci was reported to range from 10% to alm ost 30% 
(32, 69). W hile these d a ta  clearly ind icate  the presence of add itional 
c h la m y d ia l species a cco rd in g  to  tax o n o m ic  c rite r ia  (153), the  
in terre la tionsh ips betw een these p u ta tive  species curren tly  can only be 
hypothesized (86, 87).
II.G HOST RANGE AND DISEASE POTENTIAL.
N atural C. trachomatis infections occur in m en and mice only.
C. trachomatis biovar trachom a is associated in developing countries w ith the 
potentially  b linding disease trachoma. In industrialized countries, it is an 
im portan t cause of u reth ritis , cervicitis, salpingitis, and  infertility  in 
sexually active ind iv iduals, and  a com m on cause of conjunctivitis and  
pneum onia in neonates from infected m others (39, 120, 121, 144).
C. trachomatis biovar LGV is the cause of a relatively uncom m on, w orld 
w ide occurring disease of the lym phatic system, which is sexually transm itted 
(39,121).
C. trachomatis biovar m ouse pneum onitis is represented by a single strain 
associated w ith respiratory and systemic infections of mice (88, 95).
9C. pneumoniae em erges as a major cause of hum an respiratory  infection 
(38). It is not sexually transm itted  and serological investigations indicate a 
w orldw ide high prevalence of this pathogen (72).
The th ird  species of the genus Chlamydia, C. psittaci, exhibits a m uch 
w ider range of anim al hosts and  pathogenic potentials. It is capable of 
infecting a large num ber of dom estic and w ild m am m als and  m arsupials (2, 
47, 60, 76, 79, 118, 132, 134), a w ide range of bird species (17, 42, 43, 61), and 
m an (7, 51, 114, 124, 125). In addition, C. psittaci was also im plicated as a 
cause of infection in frogs (91), and possibly invertebrate animals (48, 86).
C linically inapparen t persisten t chlam ydial infections w ith  som etim es 
extensive shedding of the pathogen appear to be the rule in infected animal 
populations, and the m ost prevalent localization of these infections is the 
intestine. H ow ever, depending on factors such as virulence of the agent, 
physiological state of the host, its age and sex, environm ental influences and 
stress of the host, any one or a combination of the following syndrom es may 
develop: gastroenteritis, polyarthritis, conjunctivitis, encephalom yelitis, 
pneum onia, hepatitis, infertility, and abortion (33, 91, 132).
H.D. IMMUNE RESPONSE AND PATHOGENETIC MECHANISMS.
II.D.l. Cell Mediated Immunity.
N um erous studies addressed the influence of the cell m ediated im m une 
response to Chlamydia (83, 113, 156). Polym orphonuclear leukocytes (PMN) 
are part of the early inflam m atory response to chlam ydial infection in man 
and anim als (156). This response is effectively chlam ydiacidal only in the 
presence of antichlam ydial antibody (46), bu t is not sufficient to clear 
chlam ydial infection, as dem onstrated  in a m ouse m odel of chlam ydial 
pneum onia (157). A prom inent PM N response is present th roughou t the
infection in the highly susceptible athym ic nude m ouse, w hile in the m ore 
resistan t n u /+  heterozygous litterm ates it converts to a m ononuclear cell 
response.
The direct role of m acrophages in the host defense, w ithout considering 
their effect on T cells, has rem ained controversial (113, 156). Certain serovars 
of C. trachomatis are able to m ultip ly  w ithin  m acrophages w hile others are 
inactivated (162).
The earlier m entioned nude m ouse m odel of chlam ydial pneum onia (157) 
im plies a p ivotal role of T lym phocytes in defense against chlam ydial 
infection. Athymic mice, lacking T cells, are significantly m ore susceptible 
than  their heterozygous litterm ates, both by m orta lity  and  du ra tion  of 
infection. Resistance can be transferred by neonatal thym us transplantation, 
thus dem onstrating a T cell dependence of resistance. Page reported similar 
findings for the im m unity of turkeys to lethal challenge infection with
C. psittaci (98). In a genital m odel of infection w ith C. trachomatis m ouse 
pneum onitis (MOPN) nude mice developed chronic nonresolving infection, 
w hereas heterozygous mice resolved their infection w ith in  20 days (112). 
Recently, using the sam e m odel of m urine genital chlam ydiosis, Ramsey 
and Rank (111) resolved the infection in  nude mice by adoptive transfer of 
syngeneic chlam ydia-specific polyclonal T cell lines. They found  CD4 
enriched T cell lines to be m ore effective than either CD8 enriched ones or the 
parental line.
II.D.2. Humoral Immunity.
Protective im m unity  to chlam ydial infection is serovar-specific, short­
lived, and associated w ith the presence of local mucosal antibody. Serovar 
specificity of a protective response tow ards C. trachomatis was dem onstrated 
in experim ental infections of sub-hum an primates. This response, elicited by
im m unization w ith partially  purified  EBs, is of short duration  and easily 
overcom e by  a large challenge inocu lum  (149, 161). In  hum an  and  
experim ental an im al infections, p ro tec tion  from  reinfection  has been 
attributed to the presence of serovar-specific antibodies in local secretions (94). 
Convincing evidence for the role of m ucosal im m unity in protection from 
chlamydial ocular infection was clearly docum ented by M urray et al. (89, 90, 
93, 152). These studies dem onstrated that protective im m unity develops after 
ocular infection or enteric vaccination of guinea pigs w ith viable EBs, bu t not 
after parenteral im m unization. Protection was short-lived, associated w ith 
the presence of secretory IgA, and could not be passively transferred w ith 
im m une serum .
W hile pro tective im m unity  to chlam ydial infection, as de term ined  in 
e x p e rim e n ta l sy s tem s, a p p e a rs  to  la s t on ly  fo r a sh o rt tim e, 
seroepidem iological data  from  trachom a endem ic areas suggest that long- 
lived protective im m unity  does nevertheless develop. Reisolation of the 
sam e serovar confirm s that after p rim ary  infection solid im m unity  usually  
does not occur (39). Incidence of active disease and reinfection in these areas 
declines how ever w ith age, suggesting that m ultiple cycles of reinfection m ay 
eventually establish long-lived protective im m unity.
Surface-exposed ou ter m em brane constituents of chlam ydial EBs are the 
likely targe ts of the  im m une responses th a t p reven t reinfection. The 
p red o m in an t constituen ts of the ou ter m em brane are the cysteine-rich 
MOMP, the cysteine-rich 60-kD and 12-kD proteins, and  LPS. Only the 
MOMP and LPS are im m unoaccessible on the EB surface, as defined by 
antibody reactivity (8, 19). Though surface exposed, LPS does no t stim ulate 
the production of neutralizing antibodies, whereas MOMP does (166).
The MOMP, an antigenically complex protein, exhibits both unique and
com m on antigenic m oieties, w hich account for the serovariation am ong 
isolates of C. trachomatis. M onoclonal antibodies to C. trachomatis MOMP 
distinguish four classes of antigenic determ inants. Specificities are for: 1) 
serovar - associated w ith a single serovar; 2) subspecies - associated w ith three 
or m ore serovars; 3) serogroup - associated w ith serovars found w ithin one 
of the three serogroups B, interm ediate, and C; and  4) species - associated 
w ith  all 15 serovars of C. trachomatis (166). The serovar, subspecies, and 
serogroup  determ inan ts are  im m unoaccessible on the native  surface of 
MOMP, and thus represent structures to which protective im m unity m ay be 
directed.
Species-specific, serogroup-specific, and  serovar-specific epitopes were 
m apped to the MOMP VDs using monoclonal antibodies (3, 131). Antibodies 
th a t exhibit serovar- and  subspecies-specificity  also react w ith  MOMP, 
recognize epitopes on the chlamydial cell surface, passively protect monkeys 
against ocular chlamydial infection, abrogate m ouse toxicity, and neutralize 
infectivity of chlam ydiae for cultured cells (166). M onoclonal antibodies to 
bo th  contiguous (linear) and noncontiguous (conform ational) determ inants 
of MOMP neu tra lize  in vitro, bu t the efficacy of neutralization  by these 
antibodies du ring  natural infection is not know n. These data  suppo rt the 
in v o lv em en t of M O M P-specific n e u tra liz in g  an tib o d ies  as a m ajor 
com ponent of protective im m unity against chlam ydial infection.
II.D.3. Im m unopathology.
Chlam ydial infections generally resolve w ithout adverse sequelae, bu t in 
m any instances they progress to severe, chronic inflam m ation leading in 
infected hum an  subjects to sterility, b lindness, and  perh ap s arthritis. 
R epeated exposure to chlam ydial antigens, either by reinfection or by 
d e v e lo p m e n t of p e rs is te n t in fec tio n s, is th o u g h t to  cause  the
im m u n o p a th o lo g y  asso c ia ted  w ith  th ese  d isease  co n d itio n s . A n 
im m unologically m ediated pathogenesis w as based  on results of trachom a 
vaccine studies (40). These studies show ed that prio r im m unization w ith 
chlamydiae resulted in m ore severe disease upon reinfection, and that ocular 
inflam m ation was m uch greater after challenge w ith a heterologous serovar. 
Furtherm ore, repeated challenge of sub-hum an prim ates w ith  C. trachomatis 
o r gu inea pigs w ith  C. psittaci resu lts  in patho log ic  changes (lesions) 
resem bling those found in patients w ith  blinding trachom a (82, 141). The 
severe inflam m ation induced  by repeated  infection is accom panied by an 
atypical, shortened infection from  w hich few  infectious chlam ydiae are 
cu ltu red , suggesting  th a t the associated  im m une responses are  both  
protective and  deleterious. These findings im ply tha t m ultip le episodes of 
ch lam ydial infection provoke a hypersensitiv ity  response to chlam ydial 
an tigens w hich causes irreversible  tissue dam age, and , in the  case of 
trachom a, m ay result in blindness.
The m ost d irec t ev idence  for im m unopa tho log ic  co n trib u tio n s to 
chlam ydial disease comes from  studies dem onstrating that a non-infectious 
detergent extract of chlam ydiae elicits a delayed type hypersensitivity (DTH) 
response w hen applied to the conjunctivae of im m une guinea pigs or sub­
hum an prim ates (142, 151). The inflam m ation produced by this extract is 
in d is tin g u ish a b le  c lin ica lly  and  h isto log ica lly  from  p rim a ry  ocu la r 
chlam ydial infection. The cellular infiltrate is predom inantly  m acrophages 
and lymphocytes, which is consistent w ith a DTH response, and resembles 
that found in severe trachom a. These data  argue strongly for an im m une 
com ponent in the pathogenesis of chlam ydial ocular infection, and  perhaps 
in fections at o ther m ucosal sites. F u rtherm ore , the  occurence of 
asym ptom atic urogenital infections in hum ans w ith  C. trachomatis and of
asym ptom atic intestinal infections in rum inants and birds w ith  C. psittaci 
supports this hypothesis (121, 132). Such hosts clearly are infected and shed 
high  num bers of chlam ydiae, b u t show  no overt clinical sym ptom s of 
disease. Thus, infection per se does not account for all the lesions associated 
w ith severe chlamydial disease.
A 57-kD genus-com m on chlamydial protein was found to elicit ocular DTH 
in im m une anim als and w as im plicated  as m ed ia ting  the pathogenic  
responses associated w ith severe chlamydial disease (85). The histopathologic 
appearance  of the  in flam m ato ry  response  stim u la ted  by th is p ro te in  
resem bles that found in severe trachom a and post-salpingitic infertility (81, 
121). The 57-kD chlam ydial hypersensitiv ity  antigen w as identified  as a 
m em ber of the w idely conserved fam ily of bacterial stress-response proteins 
collectively called "common antigen", and is m ore than 50% sim ilar to other 
procaryotic and eucaryotic stress-response proteins (84).
T hough the 57-kD pro tein  has been im plicated in the pathogenesis of 
chlam ydial disease, its precise involvem ent in stim ulating the pathogenic 
responses has no t been determ ined. However, studies of patients w ith tubal 
infertility or reactive arthritis indicate an association betw een disease and an 
anti-57-kD antibody response (12, 58). The ubiquity  of highly related stress 
p ro te ins am ong all p rocaryo tes and  eucaryo tes suggests tha t im m une 
responses in itially  d irected  tow ards the chlam ydial 57-kD antigen  m ay 
p rovoke  an au to im m u n e  response  to  ep itopes w hich  are  conserved  
throughout this family of stress proteins.
II.E DETECTION.
Diagnosis of chlamydial infections in anim als still represents a considerable 
challenge (132). Serological diagnosis is only useful retrospectively following
overt disease. Firm evidence of the presence of chlam ydiae is required for 
unequivocal diagnosis because of the preponderance of clinically inapparent 
and persistent infections.
II.E.1. Direct Detection of Chlamydiae.
Several m ethods are used  for d irect dem onstra tion  of chlam ydiae in 
clinical specimens. Exfoliative cytological preparations can be exam ined w ith 
the technique of Gimenez (35) for the presence of red stained conglomerates 
of chlam ydial EBs. Positive results allow  for a rap id  diagnosis, bu t the 
sensitivity is low  and failure to dem onstrate chlam ydiae does not rule ou t a 
chlam ydial infection.
Fluorescent antibody techniques using polyclonal or m onoclonal antibody 
have been successfully em ployed for detection of C. trachomatis in infected 
cell cultures, bu t do  not reliably detect low  level chlam ydial infections in 
clinical specimens (128). This problem  applies also to fluorescent staining of 
the other chlamydial species (128,135).
More sensitive detection of C. trachomatis is possible w ith  the technique of 
in situ  hybrid ization  in tissue culture sam ples, cervical scrapings, and 
biopsied specim ens (55, 56). This m ethod detects the m ulticopy plasm id 
present in C. trachomatis and is not transferable to C. psittaci and
C. pneumoniae. Similar disadvantages apply to the dem onstration of
C. trachomatis DNA by nucleic acid spo t and sandw ich  hybrid ization  
techniques (57, 102). Also, the sensitivity of these m ethods is low  and does 
not exceed that of cell culture isolation.
C ultivation  of chlam ydiae from  clinical specim ens in the yolk sac of 
developing chicken em bryos is a cum bersom e procedure w hich has been 
largely replaced by m ore sensitive cell culture m ethods. Isolation in cell 
cu ltu re  is still the m ost sensitive m ethod  and  w as im proved  th rough
centrifugal inoculation at 37°C (128, 135), bu t rem ains difficult and  depends 
on the presence of sufficient num bers of viable, infectious EB.
Highly sensitive m ethods for chlamydial detection, which are not based on 
infectivity, are needed to identify  chlam ydiae, particu larly  in persistent 
infections. One approach to the problem  was the developm ent of enzym e 
linked im m unosorbent assay (ELISA) m ethods for detection of chlam ydial 
antigens (128). Antibodies to genus- or species-specific antigenic determ inants 
of chlam ydiae, w hich w ould  provide a broad  diagnostic spectrum , react 
weakly w ith chlamydial EB because these epitopes are not readily accessible to 
antibody (71). Thus, the sensitivity of "ELISA-traps" developed for detection 
of C. trachomatis surface an tigens has rem ained  p rob lem atic  (74, 143). 
Im m unological detection  of genus-specific ep itopes on LPS is used  as 
alternative to cell culture isolation. Reports are controversial and sensitivity 
generally  does no t exceed th a t of cell cu ltu re  iso lation  (74, 143, 145). 
Furtherm ore, chlam ydial species or serovars cannot be d istinguished w ith 
this m ethod.
The recently  in troduced  technique of the PCR increases sensitivity  and 
specificity of detection of pathogenic m icroorganism s by am plifying target 
DNA molecules by a factor of up  to a million (115). An advantage of nucleic 
acid based detection of a pathogen is the relatively high stability of DNA and 
the ability to detect dorm ant pathogens w ithout ongoing transcrip tion and 
translation. Also, the production of a large am ount of the targeted DNA 
fragm ent perm its restriction endonuclease m apping of polym orphism s of the 
am plification product, thus facilitating differentiation. Recently, sensitive 
PCR m ethods w ere reported  for the detection of DNA sequences of the 
common plasm id of C. trachomatis (23,96) and the MOMP genes of 
C. trachomatis, C. pneumoniae, and C. psittaci (54). W hile the species
C. trachomatis and  C. pneumoniae w ere exam ined com prehensively in the 
later report, amplification of the highly heterogeneous species C.psittaci w as 
analyzed using one rep resen tative  strain. Thus, it is uncertain  w hich 
variants of C. psittaci can be detected w ith this method.
il.E.2. Detection of Antichlamydial Antibody.
Serological dem o n stra tio n  of ch lam ydial infection is a re tro spective  
m ethod which is particularly valuable in epidemiological investigations. The 
serological test m ost w idely used earlier, and still used for C. psittaci, is the 
com plem ent fixation test (135). This test detects the genus-specific LPS. It 
lacks the sensitivity to identify clinically inapparent chlam ydial carriers (104) 
and the specificity requ ired  to d istinguish  infections caused by different 
variants of Chlamydia.
M icroim m unofluorescence rem ains the m ain serological tool to m easure 
and  d ifferentiate  antibodies against C. trachomatis and C. pneumoniae (37, 
148), bu t the cum bersom e p reparation  of antigen has p revented  its w ide 
application to C. psittaci. Sim ilarly, antibody detection based on indirect 
inclusion fluorescence and ELISA m ethods, although highly sensitive (104), 
is ham pered  by tdifficulties in antigen preparation  and  the p redom inan t 
serovar specificity of the serological response to Chlam ydia. Im proved 
m ethods of the fu tu re  m ight include ELISA m ethods based on synthetic 
peptides w hich are derived  from  serovar determ inants of the chlam ydial 
MOMP.
Chapter III. DETECTION AND STRAIN DIFFERENTIATION OF
CHLAMYDIA PSITTACI MEDIATED BY A TWO-STEP 
POLYMERASE CHAIN REACTION (PCR)
III.A. INTRODUCTION.
Infections w ith  C. psittaci have a surprising ly  w ide  d istribu tion  in  the 
anim al kingdom . Chlam ydial infections m ay lead to overt clinical diseases, 
such as en teritis, p lacental and fetal infections w ith  abortion, sterility, 
pneum onia, polyarthritis, encephalitis and  m astitis, and  cause significant 
losses in the anim al industries. This includes poultry  w here these infections 
cause air sacculitis and death. Frequently, chlam ydial infections persist in 
anim als as clinically inapparen t stages w ith shedding of the pathogen over 
long tim e periods (132).
Diagnosis of chlamydial infections in anim als still represents a considerable 
challenge (132). Serological diagnosis is only useful retrospectively following 
overt disease. Firm evidence of the presence of chlam ydiae is required  for 
unequivocal diagnosis because of the preponderance of clinically inapparent 
and  persisten t infections. Isolation in cell cu ltu re  rem ains difficult and 
depends on the presence of sufficient num bers of viable, infectious EB. 
Sensitive m ethods for ch lam ydial detection, w hich are no t based  on 
infectivity, are needed to identify  C. psittaci, particu larly  in persisten t 
infections. It was the goal of this study to develop a sensitive m ethod for the 
detection of C. psittaci. In addition , detection and  differentiation of this 
highly heterogeneous species is needed for epidemiological applications.
One approach to the problem  was the developm ent of ELISA m ethods for 
detection of C. psittaci antigens. A ntibodies to genus- or species-specific 
antigenic determ inan ts of chlam ydiae, w hich w ou ld  p ro v id e  a b road
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diagnostic spectrum , react weakly w ith chlamydial EB because these epitopes 
are no t readily accessible to antibody (71). Thus, the sensitivity of "ELISA- 
traps" developed  for detection  of C. trachomatis surface antigens has 
rem ained problem atic. Im m unological detection of genus-specific epitopes 
on LPS is u sed  as a lte rna tive  to cell cu ltu re  iso lation . R eports are 
controversial and  sensitivity generally does no t exceed tha t of cell culture 
isolation (74, 143, 145). Furtherm ore, chlam ydial species or serovars cannot 
be distinguished w ith this method.
The recently in troduced  technique of the PCR increases sensitivity and 
specificity of detection of pathogenic m icroorganism s by am plifying target 
DNA molecules by a factor of up  to a million (115). An advantage of nucleic 
acid based detection of a pathogen is the relatively high stability of DNA 
w ithout the need for transcription and translation. Also, the production of a 
large am ount of the targeted DNA fragm ent perm its restriction endonuclease 
m apping of polym orphism s of the am plification product, thus facilitating 
differentiation.
MOMP is the m ajor struc tu ra l p ro tein  exposed on the surface of the 
infectious EB (4). Species-, subspecies-, and serovar-specific epitopes are 
associated  w ith  MOMP of C. trachomatis, and  conform  to serovars as 
de te rm ined  by m icroim m unofluorescence (165). S im ilarly, av ian  and  
m am m alian strains of C. psittaci w ere d ifferentiated by the reactivity  of 
MOMP w ith polyclonal antisera (4). Nucleic acid sequences of MOMP genes 
of all serovars of C. trachomatis and of C. psittaci strains from  guinea pig 
inclusion  conjunctiv itis (GPIC), m eningopneum onitis  (Mn) and  ovine 
abortion contain four variable dom ains (VD) in terspersed  w ith in  highly 
conserved regions (109, 110, 130, 165). VD I, VD II, and VD IV contain the 
know n im m unodom inant and  surface exposed epitopes of infectious EB.
MOMP genes of C. psittaci and C. trachomatis exhibit 68% DNA sequence 
hom ology. In contrast, the  overall DNA hom ology betw een these two 
chlamydial species is less than 10%.
The MOMP gene was selected for these reasons as the target for PCR-based 
detection and  d ifferentiation  of C. psittaci. Prim ers derived  from  DNA 
sequences of 5' and  3' nontranslated regulatory regions of the MOMP gene 
w ere selected because: i) these regions are conserved in all know n sequences 
of C. psittaci MOMP genes, b u t are different in C. trachomatis, thus 
undesired  am plification is avoided, and ii) am plification of the complete 
MOMP gene of C. psittaci p rov ides m axim um  po ten tia l for subsequen t 
differentiation of the amplification products.
This report describes a two-step PCR m ethod for the sensitive detection of 
MOMP gene sequences from some serovars of C. psittaci. Milk sam ples from 
dairy  cows suffering from  m astitis w ere also tested  w ith  th is m ethod. 
Furtherm ore, w e present evidence that differentiation of C. psittaci can be 
achieved by RFLP analysis of the amplified DNA fragments.
III.B. MATERIAL AND METHODS.
III.B.1. Chlamydial Strains.
Ten strains of C. psittaci representing  nine m am m alian serovars and  six 
biovars of bovine, ovine, porcine, feline, and guinea pig origin (105), and 
tw o avian strains w ere used  in this investigation. Relevant inform ation 
about these isolates is sum m arized in Table III. 1. All chlam ydial strains 
in c lu d in g  C. trachomatis s tra in s  L2 an d  M O PN w ere  p ro p ag a ted  in 
developing chicken embryos as described previously (105). In addition, strain 
B-577 was also cultivated in persistently infected L-cells (106).
III.B.2. Extraction of Chlamydial DNA.
H eavily infected yolk sacs or cu ltu red  cells w ere hom ogenized in 2 ml 
sucrose-phosphate-buffer (SPB). The suspension was centrifuged at 200 x g for 
10 m in at 4°C (132). The chlam ydiae p resen t in the su p ern a tan t w ere 
sedim ented at 14,000 x g for 30 m in at 4°C. Sediments from infected yolk sacs 
w ere directly subjected to DN A extraction. Chlam ydial harvests from  cell 
cultures w ere fu rther processed to obtain purified  chlam ydial DNA. The 
pellet w as dissolved in  DNAse buffer (10 mM Tris-HCl, pH  7.2, 10 mM 
MgCl2) and incubated at 37°C for 30 m in w ith 100 |ig /m l pancreatic DNAse A 
(Sigma, St. Louis, MO). This suspension was layered onto a Renograffin 
(E.R. Squibb&Sons, Princeton, NJ) step gradient (32%, 44%, 54%, 60%) in 20 
mM Tris-HCl, pH 7 .5 ,150 mM KC1, and centrifuged at 90,000 x g for 2 h r at 4°C 
(146). EBs at the 44%/54% interface were w ashed twice in 38 ml SPB, and 
sedim ented at 14,000 x g for 30 m in for DNA isolation by cetyltrim ethyl 
am m onium  brom ide (CTAB) extraction (159). Briefly, EBs were resuspended 
in TE buffer (10 mM Tris-HCl, pH  8.0, 1 mM EDTA), SDS was added to 0.5% 
and proteinase K to 100 jig /m l, and the suspension was incubated for 1 hr at 
37°C. NaCl was then added to 0.7 M and CTAB to 1%. DNA was extracted
Table III.1. Origin, biovars and serovars of C. psittaci included in the PCR 
analysis of chlamydial MOMP genes.
H ost Clinical
C hlam ydial Strain Biovar Serovar H ost C ond ition
B-577 1 1 Sheep A bortion
BM-Z1121 2 ND Cattle M astitis
LW-613 2 2 Cattle Polyarthritis
66-P-130 3 3 Cattle N orm al (feces)
L-71 4 4 Swine Polyarthritis
S-45 5 5 Swine N orm al (feces)
1710-S 4 6 Swine A bortion
Fe-Pn 7 7 Cat Live Vaccine
GPIC 8 8 Guinea Pig C onjunctiv itis
JP-751 ND 9 Sheep N orm al (feces)
6BC ND ND Parakeet Septicaem ia
W ild type parakeet ND ND Parakeet Septicaem ia
(ND = not determ ined)
w ith chloroform and phenol-chloroform  and precipitated by addition of 0.6 
vol of isopropanol. The p recip ita te  w as w ashed  w ith  70% ethanol and 
dissolved in 100 pi of TE. RNA was rem oved from  purified  B-577 DNA by 
RNAse A (100 p g /m l)  d igestion  (30 m in, 37°C) follow ed by phenol- 
chloroform  extraction as described. Purified DNA from  C. pneumoniae strain 
AR-388 w as a k ind gift of Dr. L.A. Cam pbell, U niversity  of W ashington, 
Seattle, WA.
Chlam ydia-negative background DNA from  uninfected L-cells and bacteria 
(E. coli, Salmonella choleraesuis, Bordetella bronchiseptica, Pseudomonas 
aeruginosa) was extracted after low speed sedim entation as described above. 
Chlamydia does not possess a closely related eubacterial genus (154) which is 
m ore likely than o ther m icroorganism s to cause unspecific am plification. 
This DN A w as included in the amplification background because such types 
of pathogen ic  m icroorganism s are likely to  be encoun tered  in clinical 
specimens screened for the presence of C. psittaci.
Southern blots of purified B-577 DNA and L-cell DNA w ere probed w ith 
digoxigenin-labeled (Boehringer M annheim, Indianapolis, IN), purified 
B-577 DNA to evaluate the purity  of chlam ydial DNA. Cross hybridization 
betw een cellular and  chlam ydial DNA w as no t observed ind icating  the 
effective rem oval of cellular DNA.
III.B.3. Oligonucleotide Primers.
Oligonucleotide prim ers w ere obtained from a commercial source (Genetic 
Designs, Inc., H ouston, TX) and used as crude, deprotected preparations. 
Primers 5GPF (5' ACGCATGCAAGACACTCCTCAAAGCC 3') and 3GPB 
(5' ACGAATTCCTAGGTTCTGATAGCGGGAC 3’) w ere  d e riv ed  from  
recently published MOMP gene DNA sequences of strains of C. psittaci (109, 
165). They are identical to bases -140 to -120 of the 5' nontransla ted  and
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com plem entary to bases +50 to +30 of the 3' nontranslated regions of the GPIC 
MOMP gene. Sph I and Eco R I restriction sites are included w ithin  the 5' 
ends of 5GPF and 3GPB, respectively, to facilitate cloning. The 32-fold 
degenerate, inosine containing prim er MOMPIN
(5* GCI(CT)T(CI)TGGGAITG(CT)GG(CI)TG(CT)GCIAC 3’) is designed  to 
hybrid ize to  the noncoding strand  of a chlam ydial MOMP gene sequence 
coding for conserved amino acids 173 to 181 of GPIC MOMP (70). A scheme of 
MOMP gene and prim ers is depicted in Figure III.l.
III.B.4. PCR-Amplification of Chlamydial DNA.
PCR was perform ed w ith  2.5 units of Taq DNA polym erase (GIBCO-BRL, 
G aithersburg, MD) in 100 [il reactions containing 0.01% gelatin and 0.05% 
Tween-20 in 10 mM  Tris-HCl, pH  8.3, 1.5 mM MgCl2 , 50 mM KC1, 200 pM 
each dN TP and each p rim er (5GPF and  3GPB in p rim ary  am plification; 
MOMPIN and 3GPB in secondary amplification) at 0.2 pM. The sam ples were 
overlaid w ith m ineral oil and  subjected to 40 cycles of 1 m in at 94°C, 1 min at 
59°C, and 2 m in at 72°C in prim ary and 25 cycles in secondary amplification 
in a program m able DNA Therm al cycler (Perkin Elmer Cetus, Norwalk, CT). 
The sensitivity  of the PCR w as established by using  various am ounts of 
purified B-577 DNA in a background of 0.7 pg of a m ixture of uninfected L- 
cell and bacterial DNAs as inpu t for prim ary amplification. A m ounts of 1 pi 
of amplified prim ary reaction were used as input DNA in the secondary PCR. 
N egative controls w ith and w ithout background DNA (extraction and reagent 
controls) w ere routinely included. To establish the spectrum  of chlamydial 
strains w ith DNA that can be amplified 10 pi of 1:100 diluted DNA extracted 
from infected yolk sacs (30-100 ng) was used in the prim ary PCR.
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Figure III.l. Schem atic rep resen ta tio n  of the  GPIC M OM P gene w ith  
oligonucleotide prim ers used in C. psittaci subspecies-specific PCR.
The translated region of the MOMP gene is boxed, and the leader peptide 
is darkly  shadow ed. Four variable dom ains (VD) are in terspersed am ong 
highly  conserved regions. Vertical bars m ark every 200 nucleotides of the 
translated region. Prim ers are draw n to scale only w ith their 3' ends.
III.B.5. Analysis of Am plified DNA.
A m ounts of 10 pi of the am plified reaction w ere fractionated by 1.5% 
agarose gel electrophoresis directly or after restriction endonuclease digestion. 
The DNA was visualized by ethidium  brom ide staining and UV fluorescence. 
PCR m ixtures w ith the appropriate buffer were restricted for 1 h r at 37°C 
using 10 units of the respective enzym e. The specificity of the am plified 
prim ary DNA fragm ent was confirm ed through: i) appearance of a single or 
predom inant fragm ent of the expected size in secondary am plification using 
3GPB and the internal prim er MOMPIN, ii) appearance of a Hae III restriction 
pattern  of the amplified GPIC fragm ent as expected from  the DNA sequence 
of the GPIC MOMP gene (165), and iii) comparison of a partial B-577 MOMP 
gene DNA sequence w ith know n MOMP gene sequences of strains of 
C. psittaci.
Asym m etric prim ers w ere used to prepare single-stranded tem plate DNA 
for p a rtia l dideoxy-D N A  sequencing  of the  B-577 M OM P gene (44). 
C onditions w ere as follows: 25 cycles w ith param eters as described, each 
dNTP at 20 pM, 5GPF at 0.02 pM, 3GPB at 0.25 (iM, 10 pi of 10"3 d ilu ted  
prim ary PCR product, and gelatin om itted in the reaction buffer. Nucleotide 
triphosphates and  prim ers w ere rem oved by spin dialysis w ith Centricon-100 
devices (Amicon, Danvers, MA), and 7 jil of the dialysate w ere em ployed for 
sequencing  by the  d ideoxy chain term ination  m ethod  using  T7 DNA 
p o ly m erase  acco rd ing  to m an u fac tu re rs  in s tru c tio n s  (U nited  S tates 
Biochemicals, Cleveland, OH). 10 pm ol of 5GPF or MOMPIN w ere used as 
p rim ers, and  ^%-dATP labeled reaction products w ere separa ted  by 6% 
polyacrylam ide-urea gel electrophoresis and visualized by autoradiography.
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III.B.6. Examination of Clinical Samples.
Seven m ilk sam ples w ere obtained  from  random ly selected dairy  cows 
suffering from  m astitis of variable severity. Low num bers of E. coli w e re  
found in sample 2200 LR using standard bacteriological techniques, all other 
sam ples were free of detectable bacteria. DNA was extracted as described for 
infected yolk sacs except that hom ogenization was perform ed w ithout adding 
SPB. DNA (0.2 - 0.7 pg) w as subjected to  p rim ary  am plification, and  
subsequent procedures were perform ed as described.
Samples positive for C. psittaci in the secondary amplification, bu t w ithout 
visible prim ary am plification product w ere further processed for restriction 
analysis of the prim ary fragm ent. 90 pi of the prim ary reaction were subjected 
to spin dialysis w ith Centricon-100 devices, and 10 pi of the dialysate were 
ream plified for 25 cycles w ith prim ers 5GPF and 3GPB. These reactions were 
analyzed by Hae III digestion and agarose gel electrophoresis.
III.G RESULTS
III.G1. Optimization of the PCR.
The efficiency of am plification was optim ized in a series of experim ents
(59). The param eters found to be m ost critical were the prim er concentration
of 0.2 pM, the stringent annealing tem perature of 59°C, a m axim um  of 1 pg
input DNA per 100 pi reaction, and the dNTP concentration of 200 pM. At 
2+Mg concentrations above 3 mM the efficiency of target am plification was 
reduced and aberrant DNA fragm ents appeared.
III.G2. Determination of the Sensitivity of PCR-Amplification.
Once optim al conditions w ere established the sensitivity of prim ary  and 
combined prim ary and secondary amplifications were determ ined. The input 
DNA consisted of tenfold d ilu tions of purified  B-577 DNA in a constant
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Figure III.2. D eterm ination of sensitivity of prim ary and com bined prim ary  
and secondary PCR-amplification of B-577 MOMP gene sequences.
Indicated am ounts of purified B-577 tem plate DNA w ere m ixed w ith 0.7 pg 
background DNA per 100 pi reaction and subjected to therm ocycling as 
described. Fragm ents were resolved by 1.5% agarose gel electrophoresis and 
ethidium  brom ide staining. Prim ary amplification products can be observed 
in respective left lanes, secondary products in right lanes, - control indicates
background DNA w ithout template. M olecular w eight m arker is <J)X174RF 
DNA digested w ith Hae III.
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background of 0.7 fig of uninfected L-cell and bacterial DNAs (equivalent of
5 82.1x10 hum an  genom es o r 2.1x10 E. coli genom es, respectively). The
num ber of chlam ydial tem plates w as calculated asssum ing tha t the MOMP
gene is a single copy gene (15) w ithin the 1450 kbp chlam ydial genom e (30)
(1.563 ng of chlamydial DNA equals 10^ templates).
C hlam ydial DN A represen ting  10,000 chlam ydial genom es (15.63 pg  
DNA) yielded an expected single DNA fragm ent of approxim ately 1400 bp 
after prim ary amplification. This fragm ent was clearly visible after ethidium  
brom ide staining. In contrast, DNA representing 1000 chlam ydial genomes 
p roduced  a faintly  staining 1400 bp  DNA fragm ent (Figure III.2.). In the 
secondary am plification a single DNA fragm ent of the expected size of 
approxim ately  640 bp  w as observed. C hlam ydial DNA represen ting  10 
genom es w as sufficient for visualization of the 640 bp DNA fragm ent after 
e th id ium  b rom ide  staining. Thus, com bined p rim ary  and  secondary  
amplifications were capable of detecting one cognate chlam ydial genom e in a 
44-millionfold excess of unrelated  DNA or in a background of DNA derived 
from 21,000 hum an cells.
III.C3. Specificity of Amplification Determined by Partial Sequence 
Analysis.
The presence of a specific single or strongly predom inant DNA fragm ent in 
electrophoretic analysis of prim ary  and secondary PCR in this investigation 
indicates amplification of the chlamydial target DNA (Figures III.2. and III.3.). 
A dd itional ev idence for specific am plification  is fu rn ish ed  by Hae III 
restriction of the GPIC prim ary amplification product. This restriction yields 
DNA fragm ents of approxim ately 650, 300, and 200 bp, which are expected 
from the know n GPIC MOMP DNA sequence (Figure III.4.).
The m ost stringent proof of specificity of an amplification is the sequence 
com parison of the am plified fragm ent w ith a know n target sequence. We 
established an asymmetric PCR w ith the external prim ers 5GPF and 3GPB to 
generate single-stranded DNA for sequencing of am plified fragm ents (44). A 
partial sequence of the B-577 prim ary DNA fragm ent was obtained using 
5GPF and MOMPIN as sequencing prim ers. This DNA sequence exhibits 
100% sequence sim ilarity to bases -55 to +90 and 78% sim ilarity to constant 
region bases +676 to +747 of the MOMP gene of an ovine abortion isolate of 
C. psittaci (109). This high degree of sim ilarity indicates that specific PCR- 
amplification of the targeted chlamydial MOMP gene was achieved.
III.G4. PCR-Amplification is C. psittaci Subspecies-Specific.
To determ ine  w hich M OM P genes of C. psittaci can be am plified we 
isolated DNA from  yolk sacs infected w ith representative strains of different 
C. psittaci serovars. D iluted sam ples (1:100) w ere subjected to prim ary and 
secondary amplifications. The results indicate that MOMP genes of the avian 
strains 6BC and w ild-type (wt) parakeet and the m am m alian serovar 1 (B-577), 
7 (Fe-Pn = Feline Pneum onitis), 8 (GPIC) strains, and  the serologically 
undefined  isolate BM-Z1121 from  bovine m astitis are am plified  by the 
prim ers, bu t strains from serovars 2, 3, 4, 5, 6, and 9 are not recognized 
(Figure III.3.). The slightly different m igration of DNA fragm ents indicates 
size differences in the MOMP genes. The MOMP genes of C. trachomatis 
strains L2 and MOPN, and of C.pneumoniae strain AR388 w ere not detected 
(not shown). MOMP gene sequences of 5' and 3' nontranslated  regulatory 
regions of C. trachomatis strains A, B, C, LI, and L2 are highly conserved 
am ong these strains, yet strongly divergent from C. psittaci sequences (109, 
110, 130, 165). Considering the overall extreme sim ilarity betw een hum an 
C. trachomatis strains (21, 32, 69) we assum e that other hum an strains of
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Figure III.3. D eterm ination of strains of C. psittaci am plified by C. psittaci 
subspecies-specific PCR.
D N A  ex tracted  from  yolk sacs infected  w ith  p ro to ty p e  stra in s  of 
m am m alian serovars and avian isolates (6BC and w t-parakeet) of C. psittaci 
w as subjected to prim ary  and  secondary am plification. Fragm ents w ere 
resolved by 1.5% agarose gel electrophoresis and  eth id ium  brom ide staining. 
Prim ary amplification products can be observed in upper, secondary products 
in lower panel.
C. trachomatis cannot be detected w ith these primers. Comparisons of 
different strains of C. pneumoniae have indicated a v irtual iden tity  am ong 
these strains (15, 21). We conclude therefore that the species C. pneumoniae 
cannot be am plified. Thus, the tw o-step PCR detection of the chlam ydial 
MOMP gene using the p rim ers 5GPF, 3GPB, and M OM PIN is specific for 
strains of the serovar 1, 7, and  8 subset of m am m alian serovars of C. psittaci 
and for the subset of avian C. psittaci strains used in this study.
III.C5. Strain D ifferentiation by  Restriction Endonuclease A nalysis of 
A m plified  Fragm ents.
W e a ttem pted  to d ifferentiate  the chlam ydial strains w ith  am plifiable 
MOMP genes on the basis of the restriction fragm ent pattern. A com puter 
search of the know n MOMP gene sequences of C. psittaci revealed only few 
restriction endonucleases w ith potential for RFLP differentiation. Restriction 
of the am plifiable MOMP genes w ith  Hae III p ro d u ced  d iffe ren t DNA 
fragm ents (Figure 131.4.). Hae III restriction sites were not present in the B-577 
and w t-parakeet MOMP genes, as indicated by the full length amplification 
p roduct of approxim ately  1390 bp. In strains BM-Z1121 and  6BC one 
apparen tly  identical Hae III site was found, which generated fragm ents of 
approxim ately 980 and 420 bp. Hae III restriction of the GPIC MOMP gene 
revealed four sites as expected from the sequence data. The calculated DNA 
fragm ent sizes are 643, 301, 201, 197, and  30 bp, which closely m atch the 
bands observed. Double m olarity  of the approxim ately 200 bp  band  was 
indicated by the com paratively intensive staining. The predicted 30 bp DNA 
fragm ent could  no t be iden tified  in the 1.5% agarose gel. Serovar 7 
com prising Fe-Pn of C. psittaci yielded a PCR product w ith an apparently  
single Hae III site generating fragm ents of approxim ately 1100 and 260 bp. 
This restriction pattern  was easily differentiated from the restriction pattern
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Figure III.4. Strain differentiation through Hae III restriction of amplified 
C. psittaci MOMP genes.
10 pi of amplified MOMP gene DNA fragm ents w ere mixed w ith restriction 
buffer and digested w ith 10 units of Hae III. Fragments were resolved by 1.5% 
agarose gel electrophoresis and ethidium  brom ide staining.
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in BM-Z1121 and 6BC (980 and 420 bp).
III.G6. PCR Analysis of Clinical Samples.
We analyzed the milk of seven dairy cows suffering from m astitis to assess 
the applicability of the established PCR amplification for detection of MOMP 
gene sequences of C. psittaci in  clinical sam ples. Specific DNA fragm ents 
could not be visualized in prim ary amplification indicating a low  num ber of 
chlam ydiae in the sam ples. Secondary am plification y ielded  a strongly  
staining, specific DNA fragm ent in sam ples 2200 LR and 2361 LF while the 
rest rem ained negative (Figure III.5.). P rim ary reactions of the positive 
sam ples w ere depleted  of dNTPs, prim ers, and  unspecific, low  m olecular 
w eight PCR products (prim er dim er) by spin dialysis and  ream plified w ith 
5GPF and 3GPB. DNA fragm ents of these reactions w ere analyzed by Hae III 
restriction. The approxim ately 1390 bp  fragm ents after restriction indicate 
that the C. psittaci positive m ilk sam ples contain MOMP gene sequences of 
the  m am m alian serovar 1 /w t  parakeet MOMP genotype. These results 
dem onstrate that the C. psittaci subspecies-specific PCR-am plification can be 
successfully applied to clinical sam ples. Furtherm ore, the MOMP genotype 
of the amplified fragm ent can be determ ined by Hae III restriction facilitating 
the  d ifferen tia tion  of M OM P genes of C. psittaci in  conjunction w ith  
detection.
Figure III.5. PCR analysis of m ilk from seven cases of bovine mastitis.
DNA extracted from milk sam ples was subjected to prim ary and secondary 
am plification. P rim ary  reactions of positive  sam ples w ere pu rified  by 
centrifugal dialysis and  ream plified  w ith  5GPF and  3GPB. These DNA 
fragm ents w ere analyzed by  Hae III restriction. Extraction control was 
perform ed w ith  extracted m ock sam ple, reagent control is 100 pi PCR 
reaction w ithout sam ple added. Fragments were resolved by 1.5% agarose gel 
electrophoresis and  e th id ium  brom ide staining. P rim ary  am plification 
products can be observed in  upper panel, secondary products in  m iddle 
panel, and Hae III restricted prim ary  fragm ents of positive sam ples in lower 
panel.
III.D. DISCUSSION
We have developed a two-step PCR-amplification of MOMP genes of 
C. psittaci. Com bined w ith the RFLP of the am plified M OM P genes this 
m ethod can detect and differentiate several strains of C. psittaci. W hile an 
inpu t of 1000 target MOMP genes probably represents an  absolute lim it for 
direct visualization after a single amplification, the strong secondary DNA 
fragm ent, even w ith  only 10 p rim ary  targets, indicates tha t a h igher 
sensitivity of detection can be achieved. Careful titration of the visualization 
lim it of the  secondary  am plification  p ro d u c t considering  a Poisson  
d istribution at low  target num bers w ould reveal the true  detection lim it of 
com bined prim ary and secondary amplification, which m ight be as m uch as 
tenfold higher (1 genome equivalent per 0.7 |ig of background DNA).
The detection of MOMP gene sequences in two ou t of seven milk sam ples 
from  bovine m astitis and the  subsequent Hae III d ifferen tiation  of these 
MOMP gene fragm ents dem onstrate  the feasibility of PCR detection and  
d ifferen tiation  of C. psittaci in clinical sam ples. We d id  no t notice any 
differences in  estim ated am plification efficiencies betw een DNA from  milk 
sam ples, chlam ydia infected yolk sac derived DNA, or purified chlam ydial 
DNA. Sensitivity of chlamydial detection in clinical sam ples should be equal 
to the results in this investigation. Differential centrifugation of the native 
sam ple m ight be im portant in certain cases for enriching chlam ydial EBs as 
w ell as rem oving  red  b lood cells, because hem e inh ib its Taq DNA 
polym erase (53).
This investigation reveals a relationship betw een avian and  m am m alian 
serovar 1 chlam ydial isolates. Despite the rem arkable high conservation of 
MOMP gene sequences, distinct Hae III restriction patterns w ere generated 
from  different serovars of C. psittaci. Avian and m am m alian biovar 1 MOMP
genes can be subdivided by Hae III restriction. C urrently, the MOMP gene 
sequences of three strains of C. psittaci are know n (109, 165). The avian isolate 
m eningopneum onitis (MN) and  an isolate from  ovine abortion  can be 
am plified according to the sequence data. They exhibit one identical Hae III 
restriction site, which generates fragments similar to those of 6BC and 
BM-Z1121. Interestingly, the single Hae III restriction site in strains MN and 
ovine abortion is located w ithin the conserved region betw een VD III and VD
IV. It rem ains to be determ ined if the restriction differences betw een avian 
and m am m alian serovarl MOMP genes translate into antigenic differences. 
MOMP genes of both  Fe-Pn and  GPIC serovars possess un ique  Hae III 
restriction patterns. Sequences of MOMP genes of various C. psittaci s tra ins 
will reveal the divergence am ong variable dom ains, w hich determ ine the 
serovars, and  conserved regions, and  if this RFLP differentiation scheme 
conform s w ith antigenic differences. The present results indicate that PCR 
amplification coupled w ith restriction analysis of the am plified MOMP gene 
provides a simple and valuable tool for strain differentiation.
The presence or absence of cognate sequences in chlamydial DNA facilitates 
strain differentiation by PCR in its ow n right. M am malian serovars 1, 7, and 
8, and two avian strains could be amplified, bu t m am m alian serovars 2, 3, 
4, 5, 6, and 9 were refractory. Strain differentiation solely based on positive 
or negative  am plification  requ ires cu ltivation  of ch lam ydiae to y ield  
quantifiable am ounts of chlam ydial DNA and num erous controls. It is 
therefo re  p referab le  to u tilize  am plified  DNA fragm en ts for typing. 
Restriction enzym e analysis is one of the possible tools.
The external prim ers of this investigation are derived from  nontranslated 
regions 5' and 3' to the MOMP gene which are usually involved in directing 
transcription. Thus, differential am plification m ay reflect differences in
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M OM P exp ression  d e te rm in in g  d iv erse  b io log ical charac teristics  of 
chlam ydial strains.
A disadvantage of a PCR based DNA detection is the need to confirm the 
authenticity of the am plified products either in Southern assay using DNA 
probes or by d irect DNA sequencing. Recently, K aneko et al. (67) 
dem onstrated  that tw o-step PCR am plification w ith tw o successive sets of 
prim er pairs and  ethidium  brom ide staining of the amplification products is 
equivalent to one round  of PCR and Southern blot hybridization analysis. 
This assay is equal in sensitivity and specificity to hybridization analysis, and 
can be com pleted in one day. O ne internal prim er combined w ith one of the 
external prim ers yielded a specific secondary fragm ent in our investigation. 
The am ount of external prim ers transferred  in to  the second PCR d id  not 
visibly influence the results. O bviously, the use of one new  prim er is 
sufficient to prevent preferential am plification of aberrant PCR products. A 
single, strongly predom inant, gel-visualized DNA fragm ent of expected size 
in secondary PCR yields inform ation equivalent to Southern hybridization. 
Two regions corresponding to oligonucleotides precisely spaced on the same 
DNA molecule are required for specific exponential amplification. Southern 
blot hybridization using oligonucleotide probes is often am biguous due to 
high background at low stringency of hybridization.
The resu lts of this s tu d y  confirm  the heterogeneity  of C. psittaci as 
dem onstrated by DNA-DNA hybridization (21, 32). Representative strains of 
serovars w ith broad host and disease range could be amplified, while strains 
of possibly highly evolved serovars w ith narrow  host or disease specificity 
w ere refractory to amplification. This PCR m ethod is valuable despite its 
limitations. It is capable of detecting w ith high sensitivity strains of C. psittaci 
w hich have been associated w ith  hum an  disease and w hich are m ost
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prevalent in  infection of dom estic animals. It w ill be necessary to develop 
PCR protocols w ith broadened specificity to trace chlamydial infections caused 
by all established serovars and possibly by as yet unidentified  chlam ydial 
strains in diverse hosts.
Chapter IV. PHYLOGENETIC RELATIONSHIPS AMONG THE GENUS 
CHLAMYDIA INFERRED FROM DNA SEQUENCES OF 
THE MAJOR OUTER MEMBRANE PROTEIN GENE ompA
IV.A. INTRODUCTION.
Chlamydia represents the single genus of the family Chlamydiaceae, and 
the order Chlamydiales. It is currently comprised of three species, C. psittaci, 
C. pneumoniae, and C. trachomatis (37, 88). These bacteria depend on energy 
from  eucaryotic cells and  are characterized by their unique developm ental 
cycle. The extracellular elem entary bodies reorganize to fragile reticulate 
bodies upon  en try  of the host cell. These reticulate bodies d ivide w ithin 
m em brane-bounded host cell com partm ents by binary  fission, and  condense 
into a new  generation of infectious elem entary bodies.
Chlam ydiae cause clinically inapparent infections and a variety of diseases 
in hum ans, m arsupials, o ther m am m als, and birds. In m an, m ost notable 
are trachom a and urogenital infections due to C. trachomatis, resp iratory  
infections due to C. pneumoniae, and psittacosis caused by C. psittaci (38, 121). 
In animals, C. psittaci is capable of inducing diverse disease syndrom es like 
enteritis, urogenital infections and abortions, pneum onia, polyarthritis, 
polyserositis, encephalitis, and m astitis (132).
The three species can be readily distinguished, and serovars of 
C. trachomatis are well established (15, 88). Subspecies differentiation within 
the  heterogeneous species C. psittaci has been a ttem pted  on the basis of 
inclusion  m orpho logy  an d  effect of cytoactive agents (126), p laque 
neutralization (122, 123), m icroim m unofluorescence (24, 105), m onoclonal 
antibodies (1, 31, 140), and by genetic approaches such as RFLP analysis of
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chlam ydial chrom osomal DNA (15, 77, 146), the presence and properties of 
plasm ids (73, 78,147), and DNA-DNA hybridization (21, 32).
C hlam ydiae w ere p roposed  as a separate  eubacterial d iv ision  w ith  a 
possible d istan t relationship to Planctomyces (154). Phylogenetic relations 
w ith in  the  genus are poorly understood  (87). W hile the species share less 
than  10% DNA sim ilarity am ong each other (21), the  gene encoding the 
major outer m em brane protein, ompA, is about 68% identical between 
C. psittaci and C. trachomatis (165). This protein functions as a redox-gated 
porin molecule, and contributes through intra- and interm olecular disulfide 
bonds to the structure of the chlam ydial envelope (6, 92). Four evenly spaced 
variable dom ains, which determ ine the serovars of C. trachomatis, in terrupt 
highly conserved regions (3,131).
M acrom olecules such as MOMP w ith highly constrained functions have 
proven valuable m olecular chronom eters for the spectrum  of evolutionary 
distances w ithin bacterial genera (160). Phylogenetic relationships betw een 
taxa can be inferred from variations in the aligned protein or DNA sequences 
of such chronom etric proteins. PCR has facilitated the rap id  access to DNA 
sequence information. Oligonucleotide prim ers com plem entary to conserved 
regions, which bracket the DNA sequence of interest, are used to am plify 
these DNA fragm ents from m any taxa (115). Single-stranded DNA produced 
from these fragm ents can be sequenced efficiently (44). Phylogenetic inference 
from  these DNA sequences is accom plished by com puter assisted distance 
m atrix m ethods, cluster analysis, and cladistics (160). Distance m atrix and 
cluster analyses group taxa on the basis of overall sim ilarity w hile cladistic 
g rouping establishes phylogenies by m ore precise parsim ony analysis (50) 
based upon derived characters (e.g. nucleotides) which are shared am ong taxa. 
In m axim um  parsim ony analysis the phylogenetic tree, or cladogram , that
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requires the few est character changes to infer relationships am ong taxa is 
favored over those cladograms that require m ore steps for the sam e set of taxa 
(28).
W e sequenced, using PCR methodology, the partial (81%) MOMP genes of 
tw enty  five chlam ydial strains, aligned them  w ith  p reviously  published  
sequences into tw enty three MOMP genotypes of Chlamydia, and established 
by m axim um  parsim ony analysis a phylogenetic hypothesis for the genus. 
We propose a monophyletic evolution of Chlamydia w ith avian types of 
C. psittaci as closest relatives to an  ancestral MOMP genotype, and  we 
evaluate  im plications for the  evolu tionary  strategy  of Chlamydia  in this 
report.
IV.B. MATERIALS AND METHODS.
IV.B.l. Chlamydial Strains.
Twenty three strains of C. psittaci, representing at least six biovars, eight 
serovars, and five RFLP types, one strain of C. trachomatis, and one strain of 
C. pneumoniae w ere used to determ ine the partial DNA sequence of their 
MOMP genes. The origin of these isolates, DNA sequence identity  am ong 
them  as found in  th is investigation, and  o ther re levant inform ation is 
sum m arized in Table IV. 1.
All chlam ydial strains except C. pneumoniae strain AR388 and C. psittaci 
isolates KOALA and KOALA uro  w ere propagated  in developing chicken 
embryos as described previously (105).
IV.B.2. Extraction of Chlamydial DNA.
Chlamydial DNA was extracted from heavily infected yolk sacs as described 
in section III.B.2. Purified DNAs from C. pneumoniae strain AR388 and from 
C. psittaci strains KOALA and KOALA uro  w ere k ind  gifts of Dr. L.A.
Table IV .1. Chlamydial strains used in partial MOMP gene DNA sequencing.
Sequence identical to
Chlamydial strain MOMP genotype Biovara Serovar*5
C. psittaci
BMZ1121 MN — —
6BC — ___ ___
B577 — 1 1
SV139 B577 1 1
wt parakeet B577 — —
LW508 — 1 1
FEPN — 7 7
FEPN Pring FEPN — —
FEPN Baker FEPN — —
LW613 — 2 2
LW623 LW613 2 2
FcStra LW613 2 2
FA LW613 — ___
E58 LW613 ___ ___
L14 LW613 — 6
JP1751 LW613 ___ 9
66P130 ___ 3 3
L71 — 4 4
1710S — 4 6
1708 1710S 4 6
S45 — 5 5
KOALA — ___ ___
KOALA uro KOALA . . . . . .
C. pneumoniae
AR388 . . . . . . . . .
C. trachomatis
MOPN — Mouse ___
RFLP type0
Avian lc 
Avian 2b
Feline 1
Ruminant lb 
Ruminant lc
Mouse
a) Biovar was determined by Spears and Storz (126).
b) Serovar was determined by Perez-Martinez and Storz (105).
c) RFLP type was determined by Fukushi and Hirai (32).
Host Host Clinical Condition Reference
Cattle Mastitis 65
Parakeet Systemic Infection 88
Sheep Abortion 105
Cattle Seminal Vesiculitis 105
Parakeet Systemic Infection 64
Cattle Enteritis 105
Cat Live Vaccine 105
Cat Conjunctivitis 158
Cat Pneumonia 5
Cattle Polyarthritis 105
Cattle Encephalomyelitis, Polyarthritis 105
Cattle Conjunctivitis, Polyarthritis 105
Sheep Polyarthritis 99
Cattle Encephalitis 80
Cattle Pneumonia 105
Sheep Inapparent Intestinal Infection 105
Cattle Inapparent Intestinal Infcetion 105
Swine Polyarthritis 105
Swine Abortion 105
Swine Pneumonia 105
Swine Inapparent Intestinal Infection 105
Koala Keratoconjunctivitis 36
Koala Urogenital Infection 36
Human Respiratory Infection 15
Mouse Pneumonia 95
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Campbell, University of W ashington, Seattle, WA, and Dr. Adeeb A. Girjes, 
University of Queensland, Brisbane, Australia, respectively.
IV.B.3. PCR-Am plification of Chlam ydial M OM P Gene DNA 
Fragm ents.
C hlam ydial MOMP gene DNA fragm ents w ere am plified from  10 pi of 
1:100 dilu ted  chlam ydial DNA by PCR (115). A schematic representation of 
M OM P genes w hich  includes the rela tive  positions of o ligonucleo tide  
prim ers used in PCRs and DNA sequencing is presented in Figure IV.l., and 
the  p rim ers are  lis ted  in  Table IV.2. O ligonucleo tide  p rim ers w ere 
synthesized in ou r laboratory  on a GenePlus Synthesizer (Pharmacia-LKB, 
Piscataway, NJ) and used as crude preparations. W ith the exception of 5GPF 
and 3GPB these oligonucleotide prim ers hybridized to DNA sequences of the 
MOMP gene present in  all chlam ydial strains exam ined. Prim ers 5GPF and 
3GPB w ere used to am plify the MOMP genes of C. psittaci strains BMZ1121, 
6BC, B577, w t parakeet, SV139, LW508, FEPN (feline pneum onitis), FEPN 
Pring, and FEPN Baker (64). O ther chlam ydial strains w ere am plified w ith 
the degenerate  and  inosine containing oligonucleotide prim ers -20CHOMP 
and CHOMP371, which yielded a DNA fragm ent of approxim ately 1200 bp.
PCRs were perform ed w ith 2.5 units of Taq DNA polym erase (GIBCO-BRL, 
G aithersburg , MD) in 100 p i reactions contain ing  0.01% bovine serum  
album in and 0.1% Tween 20 in 20 mM Tris-HCl, pH  8.3, 25 mM KC1, 2 mM 
M gC l2, 200 pM  each dNTP, and each prim er at 0.2 pM. The sam ples were
overlaid w ith mineral oil and subjected to 30 cycles of 1 sec at 96°C, 1 m in at 
59°C (prim ers 5GPF and 3GPB) or 1 m in at 42°C (prim ers -20CHOMP and 
CHOMP371), and 1 m in at 72°C in a program m able DNA Therm al Cycler 
(Eppendorf, Fremont, CA). Subsequently a final incubation at 72°C, 7 m in 
w as perform ed.
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Figure IV .l. Schem atic rep re sen ta tio n  of the  ch lam ydia l M OM P gene 
indicating the relative location of the oligonucleotide prim ers used in PCR 
and DNA sequencing.
The translated region of the MOMP gene is boxed, and the leader peptide 
is darkly shadow ed. Four variable dom ains (VD) are in terspersed  am ong 
highly conserved regions. Vertical bars m ark every 200 nucleotides of the 
translated region. N um bered oligonucleotide prim ers are draw n to scale only 
w ith 3' ends. The translated region of the MOMP gene which was sequenced 
in  all stra ins is ind icated  w ith  bold  lines. The MOMP gene of strains 
BMZ1121, 6BC, B577, w t parakeet, SV139, LW508, FEPN, FEPN Pring, and 
FEPN Baker w ere am plified by PCR using C. psittaci subspecies-specific 
prim ers 1 and 7 (5GPF and 3GPB). O ther MOMP genes were amplified w ith 
Chlamydia genus-specific prim ers 2 and 8 (-20CHOMP and CHOMP371). Plus- 
stranded DNA for sequencing was produced by PCR using prim ers 1 and 2, 
respectively, and m inus-stranded DNA w ith prim ers 7 or 8. Genus-specific 
prim ers 3, 4, 5, 6 (9CHOMP, 119 CHOMP, 191 CHOMP, 277CHOMP) were 
em ployed for sequencing m inus-stranded MOMP gene DNA fragm ents, and 
genus-specific prim ers 8, 9, 10, 11 (CHOMP371, CHOMP271, CHOMP185, 
CHOMP111) served in confirm atory sequencing of positive-stranded MOMP 
gene DNA.
Table IV.2. Oligonucleotide primers3 used in PCR-amplification and DNA sequencing of the chlamydial MOMP genes.
1) 5GPF 5' ACGCATGCAAGACACTCCTCAAAGCC 3' (-146 - -121)
2) -20CHOMP 5’ TTAGAGGT(AG)AG(AT)ATGAA(AG)AA 3' ( -12 - 8)
3) 9CHOMP 5' GCI(CT)TGCCTGTIGGGAA(CT)CCIGCIGA(AG)CC 3' ( 64 - 92)
4) 119CHOMP 5' TGGGATIGnT(TC)GAI(AG)TITT(CT)TG(CT)AC 3* ( 397 - 422)
5) 191CHOMP 5' Ga(CT)TITGGGA(AG)TG(CT)GGITG(CT)GCIAC 3' ( 613 - 638)
6) 277CHOMP 5’ CCITA(Cr)AT(ACT)GGIGTIAAITGG 3' ( 877 - 897)
7) 3GPB 5' ACGAATTCCTAGGTTCTGATAGCGGGAC 3’ ( +60 - +33)
8) CHOMP371 5' TTAGAAIC(GT)GAATTGIGC(AG)TTTA(TC)GTGIGCIGC 3' ( +3 - 1177)
9) CHOMP271 5’ CCAITTIACICC(AGT)AT(AG)TAIGG 3’ ( 897 - 877)
10) CHOMP185 5' CCIA(AG)IGTIGC(AG)CAICC(AG)CATTCCCA 3’ ( 644 - 619)
11) CHOMP111 5* GTICAGAAIA(TC)ITC(AG)AAICG(AG)TCCCA 3' ( 422 - 397)
3 The primer designation OMP stands for outer membrane protein gene, CH for Chlamydia, TR for trachoma. The number of the 
primer designation indicates the codon of C. psittaci strain MN (165) at the 3’ end of the primer, and the position of the number left or 
right of the letters identifies sense or antisense priming, respectively. Numbers in brackets indicate the position of the primer (5' -> 3’) 
on the MOMP gene of C. psittaci strain MN. Plus denotes 3' nontranslated regions of the MOMP gene.
Ten pi aliquots of the reactions w ere electrophoresed in 1.5% DNA grade 
agarose gels in  0.5 x Tris-Phosphate-EDTA buffer. A m plified MOMP gene 
DNA fragm ents w ere visualized by staining w ith ethidium  brom ide and  UV 
illum ina tion .
IV.B.4. Production of Single-Stranded DNA and Dideoxy-DNA  
Sequencing.
Single-stranded DNA of the am plified MOMP gene DNA fragm ents for 
DNA sequencing was produced by PCR in  a m odification of the asymmetric 
PCR (44). This m ethod (66) differed in that only one of the original prim ers 
was used at 0.4 pM, and incubation at 72°C was perform ed for 2 min. Ten pi 
aliquots of p rev ious PCRs containing the  am plified  M OM P gene DNA 
fragm ent w ere sam pled for the production of single-stranded DNA. The 
num ber of cycles varied depending on the prim er : 18 cycles for CHOMP371, 
20 cycles for 5 GPF, 25 cycles for 3GPB, and 30 cycles for -20CHOMP. N o final 
incubation was perform ed.
Single-stranded DNA was detected by 1.5% agarose gel electrophoresis and 
e th id ium  brom ide staining, and  m igrated w ith  higher m obility than  the 
d o u b le -s tra n d e d  M O M P gene  DN A fragm en t. A fter agaro se  gel 
electrophoresis, the rem aining 90 pi of the PCR for single-stranded DNA was 
carefully rem oved from  under the oil, diluted in 1.8 ml distilled water, and 
subjected to th ree  rounds of centrifugal u ltra filtra tio n  (Centricon-100; 
Amicon, Danvers, MA). Two mis of distilled w ater were added after the first 
and second round of filtration. If necessary, the retentate was concentrated to 
contain 12% to 30% of the single-stranded DNA per 7 pi. These 7 pi aliquots 
served as the tem plate for DNA sequencing (117). T7 DNA polym erase was 
used in the dideoxy chain term ination m ethod according to m anufacturer's 
instructions (United States Biochemical Corp., C leveland, OH). Ten pmoles
of sequencing prim er per reaction w ere used, and  dGTP, c^dGTP, or dITP 
labeling solutions w ere d ilu ted  15-fold. The m inus single-stranded DNA of 
all MOMP genes was sequenced , and  positive-stranded DNA served as 
sequencing controls. 35&-dATP labeled reaction products were separated by 6% 
polyacrylam ide-urea gel electrophoresis and visualized by autoradiography.
IV.B.5. Computer-Assisted Sequence Alignment.
For phylogenetic inference w e used, in addition to partial MOMP gene 
DNA sequences ob tained  in  th is investigation , p rev iously  p ub lished  
sequences (109, 165) of C. psittaci strains MN (m eningopneum onitis), OA 
(ovine abortion), and GPIC (guinea pig inclusion conjunctivitis), 
C. trachomatis strains A, B, C, E, F, H, LI, and L2 (3, 45, 107, 110, 130, 164), 
and sequences of variable dom ains of C. trachomatis strains Ba, D, G, I, J, K, 
and  L3 (163). The M OM P gene sequences w ere  a ligned  by  pairw ise  
com parison on the pep tide  level to assure correct alignm ent of functionally 
hom ologous residues. The GAP and PUBLISH program s of the U niversity of 
W isconsin Genetic Com puter G roup (UWGCG) software package, version 6.1 
(22), w ere used to align the deduced MOMP peptides, corresponding to 
nucleotides 184 to 1170 in C. psittaci strain  MN (165), of the chlam ydial 
strains listed in Table IV.3. Gaps were introduced in the nucleotide sequences 
according to the aligned peptide sequences, and further phylogenetic analysis 
was facilitated by LINEUP and PRETTY. The final alignm ent included 1068 
pu ta tiv e ly  hom ologous nucleo tide  positions p e r taxon (F igure IV.2.), 
translating into 356 amino acid positions (Figure IV.3.).
The program  DISTANCES was used to calculate percen t sim ilarities 
betw een partial MOMP gene and peptide sequences of different chlam ydial 
MOMP genotypes. The similarities were calculated as length of the aligned 
sequences reduced by the num ber of positions w ith gaps and m ism atches
divided  by the  average sequence length w ithout gaps of the tw o sequences 
com pared (22).
The deduced am ino acid sequences w ere analyzed for hydrophilicity  and 
a m p h ip a th ic ity  in  th e  so ftw are  p ack ag e  M acV ector (In te rn a tio n a l 
Biotechnologies, N ew  Haven, CT).
IV.B.6. Phylogenetic Inference.
Hypervariable regions w ithin VDs I, II, and IV were difficult to align with 
confidence. Consequently, these regions (positions 88-177, 349-420, and 889- 
933 in Figure IV.2.) w ere excluded from  the phylogenetic inference of the 
genus. Also, only complete MOMP gene sequences of C. trachomatis strains 
A, B, C, E, F, H , L I, and  L2 were used for the phylogram  of Chlamydia. 
We identified 444 phylogenetically inform ative sites (variable sites w here at 
least two taxa potentially  share a derived nucleotide) from  1068 aligned 
nucleotide positions.
The data w ere analyzed for m axim um  parsim ony (160) w ith the software 
package PAUP, version 3.0 g (138) using the MULTIPARS heuristic search 
option w ith  1) tree-bisection-reconnection branch sw apping , 2) subtree 
pruning-regrafting, 3) nearest-neighbor interchanges, or 4) no sw apping. 
An unrooted phylogram  w ith no outgroups was constructed. Characters were 
specified unordered  (28), and  gaps were treated as noninform ative, missing 
data. C haracter states w ere optim ized w ith the accelerated transform ation 
algorithm . Stepw ise ad d itio n  of taxa du ring  each com putation  of the 
phylogram  was perform ed using options 1) as is (in the order of the data 
matrix), 2) closest, 3) simple, or 4) random . After each replication of the 
stepw ise addition  algorithm , characters w ere w eighted a posteriori w ith  a 
base w eight of 10 proportional to the m axim um  rescaled consistency index 
over all phylogram s (26, 139). N o other set of a priori assum ptions was
Table IV.3. Chlamydial MOMP gene prototypes (MOMP genotypes) used in phylogenetic inference.
MOMP genotypea Biovar Serovar^ RFLP typec Host Host Clinical Condition References^
C. psittaci 
MN _ Avian lb Birds, Cattle, Ferret/Human Respiratory Infection, Mastitis 32, 165
6BC — Avian lc Birds, Human Respiratory and Systemic Infection
CA — — Sheepe Abortion 109
B577 1 1 Avian 2b Ruminants, Parakeet, Human Abortion, Seminal Vesiculitis, Systemic Infection 51, 52
LW508 1 1 — Cattle Enteritis
FEPN 7 7 Feline 1 Cat, Muskrat, Human Conjunctivitis, Pneumonia, Systemic Infection 24, 32, 124
GPIC 8 8 — Guinea Pig Conjunctivitis 165
66P130 3 3 — Cattle Inapparent Intestinal Infection
LW613 2 2, 6, 9 Ruminant la ,lb ,lc Ruminants Polyarthritis, Encephalitis, Pneumonia, Conjunctivitis
L71 4 4 . . . Swine Polyarthritis
1710S 4 6 — Swine Pneumonia, Abortion
S45 5 5 — Swine Inapparent Intestinal Infection
KOALA --- . . . Koala Keratoconjunctivitis, Urogenital Infection
C. pneumoniae 
AR388 . . .  . . . _ Human Respiratory Infection
C. trachomatis 
MOPN Mouse Mouse Mouse Pneumonia
A Trachoma A — Human Trachoma 3
B Trachoma B — Human Trachoma 3, 130
Ba Trachoma Ba — Human Trachoma 163
C Trachoma C — Human Trachoma 3, 130
D Trachoma D — Human Urogenital Infection 163
E Trachoma E Human Human Urogenital Infection 107
F Trachoma F — Human Urogenital Infection 164
G Trachoma G — Human Urogenital Infection 163
H Trachoma H — Human Urogenital Infection 45
I Trachoma I — Human Urogenital Infection 163
J Trachoma J — Human Urogenital Infection 163
K Trachoma K — Human Urogenital Infection 163
LI LGV LI — Human Lymphogranuloma Venereum (LGV) 110
L2 LGV L2 Human Human LGV 3, 130
L3 LGV L3 — Human LGV 163
51
Footnotes for Table IV.3.
a) Serovars, RFLP types, hosts, and clinical conditions associated w ith 
a group of chlamydial strains w ith identical partial MOMP genes are 
listed w ith the representative MOMP genotype.
b) Serovars of C. trachomatis w ere determ ined by W ang et al. (148, 150).
MOMP genotype LW 613: Elementary bodies of strains L14
(assigned to C. psittaci serovar 6) and JP1751 (designated C. psittaci 
serovar 9) exhibited 100% cross reactivity w ith LW623 (C. psittaci
serovar 2, MOMP genotype LW613) antiserum  (105).
c) MOMP genotype LW613 : C. psittaci strain B o/M aeda of the Rum inant la  
RFLP type exhibited 100% and 88% DNA-DNA sim ilarity to C. psittaci 
strains IP A (Ruminant lb ) and  E58 (Rum inant lc), respectively (32), and 
was grouped w ith the LW613 MOMP genotype.
d) Sources of MOMP gene sequences are listed. Fukushi and Hirai (32) 
provided inform ation for grouping chlamydial isolates into MOMP 
genotype MN, H erring (51, 52) for grouping into MOMP genotype B577, 
and Eb et al. (24), Fukushi and Hirai (32) and Schachter et al. and Eb et al. 
(24,124) into MOMP genotype FEPN.
e) The exact origin of MOMP genotype OA is controversial (52, 109).
im plem ented .
W e attem pted to construct a phylogram  of the species C. trachomatis based 
on the resu lts of the  phylogram  of the  genus. P u tatively  hom ologous 
nucleotides of hypervariable regions w ithin VDs I, II, and  IV (positions 88- 
177, 349-420, and 889-933 in Figure IV.2.) were included in som e analyses. 
Data of constant regions w ere m issing for C. trachomatis serovars Ba, D, G, 
I, J, K, and  L3. These regions w ere therefore excluded in all analyses 
(positions excluded were : 1-45, 211-327, 463-621, 700-825, and 952-1068). 
M OPN was specified as outgroup to polarize the character states, and other 
param eters including successive rew eighting rem ained unchanged.
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IV.C RESULTS.
IV.G1. PCR-Amplification and DNA Sequencing of Chlamydial MOMP 
Genes.
W e designed  nondegenera te , and  degenera te , inosine  con ta in ing  
oligonucleotides (70) hom ologous to conserved regions of chlam ydial MOMP 
genes (3, 109, 110, 130, 165). DNA fragm ents of MOMP genes of a broad 
sp e c tru m  of ch lam y d ia l s tra in s  w ere  P C R -am plified  u s in g  these  
oligonucleotide prim ers. As dem onstrated earlier, prim ers 5GPF and 3GPB 
hybridized to 5' and 3' nontranslated MOMP gene regions of a subset of 
C. psittaci (64). W e am plified DNA from strains BMZ1121, 6BC, B577, w t 
parakeet, SV139, LW508, FEPN, FEPN Pring, and FEPN Baker, bu t MOMP 
genes of other strains were refractory. Degenerate prim ers -20CHOMP and 
CHOMP371 w ere successfully em ployed to am plify DNA fragm ents from  all 
chlamydial strains examined in this investigation. In addition, 
C. trachomatis s tra in  L2 y ielded  an am plified  DNA fragm en t of the 
appropriate size (data not shown). We therefore considered prim ers 
-20CHOMP and CHOMP371 specific for the genus Chlamydia. We produced 
single-stranded DNA of all MOMP gene DNA fragm ents using the specified 
oligonucleotide prim ers in m odified PCRs. Genus-specific oligonucleotide 
prim ers hom ologous to pep tide  encoding DNA sequences of the MOMP 
genes were used for sequencing of the single-stranded DNA templates. These 
degenerate, inosine containing oligonucleotides (9CHOMP, 119CHOMP, 
191CHOM P, 277CHOM P, CHOM P371, CHOM P271, CHOM P185, 
CHOM P111) efficien tly  p rim ed  d ideo x y -te rm in a ted  DN A sequencing  
reactions in all chlam ydial strains.
IV.C2. Structure of the Partial Chlam ydial M OM P Genes.
Analysis of MOMP DNA and deduced peptide sequences, which represent 
approxim ately 81% of the protein  coding region, revealed all salient features 
of chlam ydial MOMP genes described previously (3, 45, 52, 107, 109, 110, 130, 
131, 163-165). Four variable dom ains in terrup t highly conserved regions of 
the M OM P genes at precisely the sam e locations as found  earlier. W e 
repositioned the 3' end of VD III 12 nucleotides in the 3' direction (positions 
696 and  232 in  Figure IV.2. and  Figure IV.3., respectively) because of 
substantial d issim ilarity  in MOMP genotypes LW613 and 66P130 to other 
MOMP genotypes. Conserved regions betw een VDs had identical lengths in 
all MOMP genotypes, w hile VDs differed betw een MOMP genotypes. We 
sequenced the com plete MOMP genes of strains BMZ1121, 6BC, B577, w t 
parakeet, and  FEPN (data not shown), and found that the lengths of 5' and 3’ 
term inal regions in these strains w ere conserved as well. Thus, the DNA 
sequence betw een start codon and the first nucleotide in Figure IV.2. was 183 
base pairs long, and the sequence between nucleotide 1068 in Figure IV.2. and 
the 3' end of the protein coding region of the MOMP gene including the stop 
codon was 39 base pairs long.
Cysteines at positions 93, 171, 173, and 332 (Figure IV.3.) w ere present in 
all chlam ydial strains analyzed. The cluster of cysteines at positions 26, 29, 
and  33 in the C. psittaci M N MOMP gene (165) was conserved in  all MOMP 
genotypes (data not shown). A cysteine residue at position 196 (Figure IV.3.), 
previously only identified in C. trachomatis, was found in MOMP peptides of 
C. psittaci strains S45, KOALA, and KOALA uro, in C. pneumoniae AR388, 
and in  C. trachomatis MOPN. A dditional cysteines w ere found in MOMP 
genotypes 66P130, KOALA, and AR388 at position 321, and  in  FEPN at 
position 75.
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Figure IV.2. A lignm ent of nucleotide sequences of partial chlamydial MOMP 
genes.
Sequences were translated and pairwise aligned as peptide sequences using 
the U niversity  of W isconsin Genetic C om puter G roup softw are package. 
These alignm ents, including gaps, w ere transferred to the corresponding 
nucleo tide  sequences. Dots rep resen t nucleotides of aligned sequences 
identical to the MN sequence, letters represent deviating nucleotides, and 
hyphens indicate gaps. Variable dom ains are m arked by horizontal brackets 
above the MN sequence. Phylogenetically inform ative positions used to 
construct the phylogram  of Chlamydia are identified by asterisks above the 
MN sequence.
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Figure VI.3. A lignm ent of d ed u ced  am ino  acid sequences of p a rtia l 
chlamydial MOMP peptides.
Dots represent am ino acids of aligned sequences identical to the MN 
sequence, letters represent deviating amino acids, and hyphens indicate gaps. 
Variable dom ains are m arked by horizontal brackets above the MN sequence.
A hydrophobic  nonapep tide  w ith in  VD IV, p roposed  to function as 
adhesin  (137), w as p resen t in all deduced  chlam ydial MOMP pep tide  
sequences, and a canonical eucaryotic glycosylation site was conserved within 
all these nonapeptides. Variable dom ains I, II, an d  IV in all MOMPs 
contained  linear regions of significant hydroph ilic ity  (data  not show n), 
rendering  them  potential B cell epitopes. Such regions m ight function as 
antigenic determ inants defining the serovar status of the MOMP genotypes (3, 
130). Lastly, a conserved T helper cell epitope w as defined in C. trachomatis 
MOMP (136). This peptide ALNIWDRFDVF (positions 82-92 in Figure IV.3.) 
w as conserved in MOMP genotypes GPIC, FEPN, LW613, KOALA, AR388, 
S45, and MOPN, and a single substitution of valine to isoleucine was present 
in MN, 6BC, OA, B577, LW508, 66P130, L71, and 171 OS. This conservative 
substitu tion did  not change the overall am phipathicity  of the T cell epitope, 
and  is likely to result in an equally effective T helper cell epitope.
IV.C.3. Sequence Sim ilarities Am ong Partial M O M P Genes.
Initially, w e com pared partial chlamydial MOMP gene DNA sequences by 
direct alignm ent w ithout introducing gaps. These com parisons differentiated 
identical and  highly  sim ilar MOMP genes from  less closely related  ones 
(Tables IV.l. and IV.4.). We found the com plete MOMP genes of C. psittaci 
strains w t parakeet identical to B577 and of BMZ1121 identical to M N (data 
n o t show n). Identical pa rtia l M OM P genes w ere  shared  betw een the 
following chlamydial strains : SV139 w ith B577, FEPN w ith FEPN Pring and 
FEPN Baker, 171 OS w ith 1708, KOALA uro w ith KOALA, and LW613 with 
LW623, FcStra, IP A, E58, LI 4, and JP1751. The complete MOMP gene DNA 
sequences of strains 6BC and OA deviated in conserved and variable dom ains 
by two and eleven bases, respectively, from MN. The partial MOMP gene of 
LW508, a m am m alian serovar 1 strain of C. psittaci (105), differed only in
three nucleotide positions (two amino acid residues) in the conserved regions 
from  the serovar 1 isolate B577. The complete MOMP gene of strain B577 had 
a single base difference (silent substitution at position 793, Figure IV.2.) from 
C. psittaci strain  S26/3 , w hich is also an isolate from  ovine abortion (52). 
The partia l MOMP gene sequence of C. psittaci KOALA w as surprising ly  
sim ilar to C. pneumoniae AR388 and differed in only 20 nucleotide positions, 
resulting  in  9 am ino acid differences. Generally, chlam ydial strains of the 
sam e biovar, serovar, or RFLP type (32, 105) had also identical or closely 
related MOMP genotypes. W e selected one strain for each group of identical 
chlam ydial MOMP genes as the prototype (MOMP genotype) and used this 
prototype for further analysis.
F urther sim ilarities be tw een  partia l MOMP gene DN A sequences of 
different chlam ydial strains w ere less pronounced, and w ere calculated after 
the in troduction  of gaps d u rin g  m ultip le  pairw ise alignm ents using  the 
UWGCG software. Partial MOMP gene DNA sequences of chlamydial MOMP 
genotypes, listed in  Table IV.3., w ere translated  and  aligned as pep tide  
sequences (Figure IV.3.). This approach yielded a m ore consistent alignm ent 
of putatively  functionally hom ologous residues w ithin the variable dom ains 
than  alignm ent on the nucleotide level. The gaps inserted w ere transferred 
to the  corresponding DNA sequences (Figure IV.2.). The results of partial 
MOMP gene sim ilarity  calculations are p resented  in the low er triangle of 
Table IV.4. The sim ilarities betw een MOMP genotypes extend from 99.8 for 
M N and  6BC to a m inim al value of 61.6 for the relation of C. psittaci 
genotype 66P130 to C. trachomatis H. The similarities betw een aligned partial 
M OM P p e p tid e  sequences w ere  also analyzed  (data  no t show n). A 
com parison of respective DN A and peptide  sequence sim ilarities betw een 
MOMP genotypes revealed  differences of the sim ilarity  values. DNA
T able  IV .4. Comparison of chlamydial genomic DNA-DNA and partial MOMP gene similarities.
% genomic DNA similarity3 to genomic DNA from :
C. psittaci C. pneumoniae C. trachomatis
MN 6BC OA B577 LW508 FEPNb GPIC66P130LW613c L71 1710S KOALA AR388** S45 MOPN LI L2e B E F A C H
MN X X X 93 — 37 — 27 30 — *10 — — — 6 — *12 — 31 — 25 — — —
6BC 99.8 X X X — *60 — 30 26 — 10 — — — 5 — 5 — 15 5 — — — — —
o \ 98.9 99.1 X X X — — — — — — — — — — — —
B577 79.7 79.8 79.0 X X X — *24 — — 5 — — — — — 5 — 5 — 15 — — — —
LW508 79.6 79.7 78.9 99.7 X X X — — — — — — — — — —
FEPN 75.9 76.0 75.5 78.2 78.1 X X X 32 — 11 — — — 7 — *6 — 24 — 18 — — — —
GPIC 75.8 75.9 75.6 78.1 78.0 78.5 X X X — — — — — 6 — — — — 5 — — — —
66P130 65.3 65.3 65.0 65.8 65.7 68.2 68.5 X X X — — — — — _ _ — — — — — — — — —
LW613 66.2 66.3 66.1 67.1 67.0 68.3 69.9 79.4 X X X — — — — — 5 — *21 — 5 — — —
L71 66.2 66.3 66.2 67.2 67.1 67.4 69.8 82.0 91.2 X X X — — — — — — — — — — — — —
1710S 65.6 65.7 65.5 65.6 65.5 66.6 69.3 81.7 85.8 86.0 X X X — — — — — — — — — — —
KOALA 67.8 67.9 68.0 69.7 69.6 69.6 69.3 68.1 68.7 69.3 68.7 X X X — — — — — — — — — — —
AR388 67.6 67.7 67.6 69.6 69.5 69.5 69.1 67.5 68.7 69.1 68.7 97.9 X X X — — — 7 5 — — — — —
S45 62.9 63.0 62.8 64.3 64.4 64.1 64.4 64.6 64.2 65.5 64.6 64.3 63.9 X X X — — — — — — — —
MOPN 64.0 64.1 63.7 65.6 65.7 64.4 64.1 65.6 63.3 64.0 64.7 62.6 62.6 74.1 X X X — 27 — *36 - - — — —
LI 63.7 63.8 63.5 63.9 63.8 64.2 63.4 63.8 64.6 64.0 63.4 63.7 64.0 78.4 74.7 X X X 96 96 96 96 96 96 96
L2 62.8 62.9 62.7 64.3 64.2 64.4 63.6 63.4 64.7 64.8 63.7 64.2 64.4 78.5 74.3 92.5 X X X 96 96 96 96 96 96
B 63.1 63.2 63.0 64.1 64.0 63.5 63.5 62.6 63.9 63.0 62.8 63.6 63.7 78.6 73.8 93.1 92.5 X X X 96 96 96 96 96
E 62.6 62.7 62.4 64.1 63.9 64.1 63.3 63.5 64.1 63.9 63.4 64.5 64.6 78.3 74.2 92.0 90.6 90.9 X X X 96 96 96 96
F 63.5 63.6 63.4 61.8 61.7 63.1 62.2 64.1 64.0 63.5 63.7 62.4 62.2 75.2 73.2 84.1 82.5 82.0 81.9 X X X 96 96 96
A 61.7 61.7 61.7 62.5 62.4 63.6 64.4 61.8 63.9 63.5 63.3 62.6 63.0 73.9 72.8 79.4 79.1 79.2 77.7 77.2 X X X 96 96
C 62.3 62.3 62.3 63.1 63.0 64.5 64.7 61.8 63.7 63.7 64.3 63.1 63.8 73.6 72.6 78.4 78.8 78.9 77.3 76.3 95.1 X X X 96
H 62.9 62.9 62.8 63.3 63.2 64.2 64.8 61.6 63.7 64.0 63.9 63.1 63.5 74.4 72.7 78.8 78.8 78.9 77.4 76.7 95.4 97.0 X X X
% partial MOMP gene similarity to partial MOMP gene from :
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Footnotes for Table IV.4.
a) Data for chlamydial genomic DNA-DNA similarities are from  Cox et al. 
and Fukushi and H irai (21, 32). DNA-DNA similarities of 5% or less are 
denoted as 5, and a standard deviation of more than 50% of the average 
sim ilarity value in m ultiple determ inations is indicated by an asterisk.
b) DNA-DNA similarity data for MOMP genotype FEPN are derived from 
strain FEPN Baker, term ed Fe/Pn-1 by Fukushi and H irai (32).
c) DNA-DNA similarity data for MOMP genotype LW613 are derived from 
C. psittaci strain Bo/M aeda. Bo/M aeda is RFLP type Rum inant la , and is 
100% and 88% similar to C. psittaci strains IPA (Rum inant lb) and E58 
(Ruminant lc), respectively (32). These strains are of the LW613 MOMP 
genotype.
d) DNA-DNA similarity data for strain AR388 are derived from 
C. pneumoniae strains TW183, AR39, LR65, and AR458. All strains of 
C. pneumoniae exam ined exhibit identical restriction patterns and  have 
more than 94% DNA-DNA similarity (15, 21). The partial MOMP gene 
DNA sequence of strain AR388 is identical to strain AR39 (14).
e) All hum an strains of C. trachomatis exam ined exhibit DNA-DNA 
similarities among each other betw een 92% and 100% (21, 32, 69, 155).
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sequence sim ilarities over 90% correlated  w ell w ith  p e p tid e  sequence 
sim ilarities, which w ere not m ore than 2.5% higher than the observed DNA 
sequence similarity. However, for partial chlamydial MOMP genes w ith less 
than 90% DNA similarity the peptide sequence sim ilarity was on average 10% 
h igher than  the  respective DNA sequence sim ilarity . The differences 
ex tended  from  a m inim um  of 5.7% difference of the DNA and  pep tide  
sequence similarities betw een 171 OS and LW613 (91.5% peptide  sim ilarity vs. 
85.8% nucleotide similarity) to a m axim um  difference of 15% between 
C. psittaci L71 and C. trachomatis A (78.5% p ep tid e  sim ilarity  vs. 63.5% 
nucleotide similarity). Generally, differences betw een percent sim ilarity of 
DNA and of pep tide  sequences increased w ith the distance of the positions of 
these MOMP genotypes on the phylogram  of Chlamydia (Figure IV.4.). These 
differences w ere m ainly accounted for by alternative codon usage (11), and 
w e in terpreted them  as an indication of correct sequence alignment.
IV.C.4. M olecular Evolution of Chlam ydial M OM P Genes.
The tw enty five partial chlam ydial MOMP gene DNA sequences obtained 
in  ou r study  com bined w ith  previously  published  sequences p rovided  us 
w ith  a com prehensive dataset for phylogenetic analysis of Chlamydia. We 
utilized the aligned DNA sequences for m axim um  parsim ony analysis of the 
phylogenetic  rela tionsh ips betw een chlam ydiae based  on the m olecular 
evo lu tion  of the MOMP genes. Parsim ony analysis assum es d ivergen t 
evolution, and  the m ost parsim onious phylogenetic tree m inim izes the 
am ount of m utational character (nucleotide) changes that are necessary to 
arrange a set of considered sequences (139,160).
We used several algorithm s w ithin the softw are package PAUP (138) to 
search for phylogenetic hypotheses (phylogram s) of the genus Chlamydia. 
DNA sequences of hypervariable regions w ith in  VDs I, II, and IV were
excluded because they could not be aligned w ith confidence.
Cladistic analysis resulted in two optim al, equally parsim onious and fully 
reso lved  phy logenetic  hypo theses, each w ith  a to ta l leng th  of 1541 
evo lu tionary  steps and  a rescaled consistency index  of 0.391. These 
phylogram s had  alm ost identical topologies (Figure IV.4.), and  differed only 
in branching a t the taxa 6BC and OA. W hile in the  first tree the branch 
betw een 6BC and OA was collapsed to zero, 6BC was ancestral to OA in the 
second tree. Lengths varied at the external branches FEPN, GPIC, 171 OS, and 
a t the  th ird  in te rna l b ranch. These tw o equally  m o st parsim onious 
hypotheses resu lted  from  a lternative  in te rp re ta tions of nonsynonym ous 
substitu tions in phylogenetically inform ative positions 571 and 883 (Figure 
IV.2.). Of all algorithm s, only the "no sw apping" option  y ielded a less 
parsim onious phylogram  w hich required 3 extra steps.
A strict consensus cladogram  w ith a collapsed branch betw een 6BC and OA 
was derived  from  these tw o m ost parsim onious hypotheses (Figure IV.5.). 
The robustness of the topology was tested using successive w eighting of 
characters based on the m axim um  rescaled consistency index (26, 139). Two 
hypotheses w ith  topologies identical to the unw eighted ones w ere found in 
the first replication of the stepw ise addition  algorithm . These hypotheses 
rem ained  stab le  in  fu rth er rep lications of the  search. Thus, w hile  
controversy exists about successive character rew eighting (25, 27), the results 
inferred from  the unw eighted dataset w ere not influenced by this approach 
and the original phylogenetic hypotheses w ere confirmed.
The phylogram  of Chlamydia supported m onophyly of the genus. 
C. psittaci MOMP genotype M N w as p laced closest to an hypothetical 
common ancestor. MOMP genotypes 6BC and OA were closely related taxa to 
MN. B577 and LW508 represented sister taxa, and FEPN and GPIC were the
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Figure IV.4. Phylogram  of Chlamydia.
This tree  rep resen ts  tw o equally  m ost p a rs im o n io u s hypo theses 
(phylograms) resulting from analysis w ith PAUP. Both hypotheses consist of 
1541 evolutionary steps w ith a rescaled consistency index of 0.391. They differ 
in branching betw een 6BC and  OA, and in lengths at term inal branches 
FEPN, GPIC, 171 OS, and at the th ird  internal branch. These differences are 
too sm all for v isualization in  the graphical tree description. The branch 
lengths of the phylogram  are proportional to the num ber of inferred character 
changes.
68
© »  [g>(ra©(!fl(rai)®traQgi© 
C. psittaci
€
€
tE
MN 
6 B C  
O A
B 5 7 7
L W 508
G P IC
6 6 P 1 3 0
L W 613
L71 
171 OS 
K O A L A
/Ll7
U
F
(S
U
S45
F E P N
Figure IV.5. Cladogram  of Chlamydia.
This cladogram  is a strict consensus tree derived  from  the tw o m ost 
parsim onious hypotheses and reveals the b ranching  o rder at the m ost 
ancestral taxa M N, 6BC, and  OA, bu t does not d isplay evolu tionary  
distances. The internal branch between 6BC and OA is collapsed to zero.
next term inal taxa. The rem aining taxa in the phylogram  w ere d iv ided  in 
two clades. One clade comprised all C. trachomatis MOMP genotypes and the 
C. psittaci strain S45. The other clade was comprised of two groups, the sister 
taxa C. pneumoniae AR388 and C. psittaci KOALA, and the group of 
C. psittaci MOMP genotypes 171 OS, L71, LW613, and  66P130. MOMP 
genotype 66P130 appeared  as sister taxon of LW613, L71, and  1710S, and 
LW613 and L71 as term inal sister taxa in the later subgroup.
W ithin the clade com prising all C. trachomatis MOMP genotypes C. psittaci 
strain S45 was the closest relative of a common ancestor. H um an 
C. trachomatis strains represen ted  a sister g roup  of the  M OPN (m ouse 
pneumonitis) genotype. They w ere separated in two clades w ith serogroup C 
strains A, C, and H  comprising one clade, and serogroup B strains B, E, F, 
LI, and L2 clustering as the other one. C. trachomatis serovar F w as ancestral 
to the other B serogroup strains within this second clade.
W e a ttem pted  to analyze the  rela tionsh ip  betw een all C. trachomatis 
MOMP genotypes based  on  these resu lts u sing  lim ited  DNA sequence 
in form ation  of m ainly  the  variable  dom ains, and  assum ing  M O PN  as 
outgroup. H ypervariable regions w ithin VD I, II, and IV w ere included in 
some analyses. Serovars B, Ba, D, E, LI, and L2 com prising serogroup B, 
and  serovars A, C, H , I, and } com prising serogroup C clustered in all 
m ultiple resulting hypotheses. B complex related serovars F and G w ere a 
separate group, but associated w ith the serogroup B cluster, and interm ediate 
serovars K and L3 always w ere grouped w ith the C complex. The topologies 
of these equally m ost parsim onious cladogram s varied considerably. Further 
com putations w ith rew eighted  characters y ielded  again hypotheses w ith 
varying topologies. M ultiple replications of the stepw ise addition algorithm  
w ith  successive character rew eigh ting  failed  to  select a sing le  m ost
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parsim onious hypothesis. We concluded that the lim ited MOMP gene DNA 
sequences know n for all hum an serovars of C. trachomatis w ere inadequate 
for unam biguous cladistic analysis of the species (116).
IV.D. DISCUSSION.
The phylogenetic relationships am ong chlam ydiae w ith  respect to the 
m olecu lar evo lu tion  of the  M OM P gene w ere  e luc ida ted . D ifferent 
algorithm s for cladistic analysis and  successive rew eighting of characters all 
y ielded  identical m ost parsim onious phylogram s, th u s confirm ing the 
robustness of the topology of the consensus tree of C hlam ydia  and  the 
consistency of the underlying dataset of MOMP gene DNA sequences. While 
a phylogenetic tree constructed for a single genetic locus does not necessarily 
represent the evolutionary pathw ay of the taxa involved (103) w e assum e that 
this well supported phylogenetic hypothesis correctly reflects the evolution of 
the genus Chlamydia.
The phylogram  reveals m onophyly of the genus Chlamydia, and C. psittaci 
M N constitutes the closest relative of an ancestral MOMP genotype. Further 
ancestral MOMP genotypes 6BC, OA, B577, LW508, and  FEPN represent 
strains of C. psittaci that w ere isolated from  a broad  range of host species 
affected w ith a variety  of disease conditions. H ighly  evolved chlam ydial 
M OM P genotypes like the serovars of C. trachomatis are associated w ith 
single host species and characterized  by increasing ly  specific disease 
propensity. These findings convincingly support M oulder's hypothesis of the 
evolution of chlam ydiae as an interplay of tw o strategies (87). The prim ary 
strategy w ould be the evolution of genomes w ith the potential for w ide host 
and  host cell ranges and  the  secondary  stra tegy  of adap ta tion  to and 
segregation into specific hosts. O ur hypothesis of chlamydial phylogeny states
that this concept is true not only for C. psittaci, bu t for the genus as such. 
Thus, using  th is strategy, all ex tan t verteb ra te-dependen t chlam ydiae 
evolved from  a common ancestor rather than from  different ancestors of the 
C. psittaci and C. trachomatis lineages (86). If, and  how , chlam ydia-like 
organism s living intracellularly in invertebrate hosts can be accom m odated 
by this model of phylogeny will be an interesting question of the future.
C om parison  of genom ic DNA sim ilarities an d  p a rtia l M OM P gene 
similarities betw een the MOMP genotypes (Table IV.4.) reveal a conservation 
of MOMP gene DNA sequences m uch higher than  of total genom ic DNA. 
This fact suggests that secondary adaptation  of chlam ydiae to specific hosts 
and host cells is accomplished by overall evolution of the genom e, and not 
by m odification of single m olecules like receptors. Thus, adap tation  of 
chlam ydiae to new ly invaded hosts m ight entail m ainly a fine tuning of the 
chlam ydial m etabolism  to the host cell m etabolism  th rough  num erous 
m utational events w ithin the genes of the enzym atic apparatus. Conversely, 
MOMP genes of hum an serovars of C. trachomatis d isp lay  considerable 
sequence variability w hile the genom e rem ains stable. This suggests that 
fu rther MOMP gene evolu tion  in term inally  ad ap ted  chlam ydiae m ight 
confer advantage under im m unoselection, as had  been noticed earlier (3, 
130). A dditional support for this concept comes from  the fact that five out of 
six nucleotide differences in the MOMP gene of C. trachomatis serovar A 
varian t A /S A 1 /O T  to serovar A strain  A /H a r  13/O T  resu lt in am ino acid 
substitu tions (49). This strong  bias tow ards nonsynonym ous m utations 
m igh t be caused by im m unological selection for antigenically  different 
MOMP molecules. Therefore, in highly host adapted  chlam ydiae the rate of 
MOMP gene evolution m ight be accelerated by the need for evasion of host 
defense mechanisms to achieve long term  survival w ithin a host.
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Recently, another phylogenetic hypothesis for Chlamydia, inferred by 
parsim ony and distance m atrix analyses, was p u t forw ard by Carter et al. (16). 
This rooted phylogenetic tree is based on the com plete MOMP gene DNA 
sequences of 14 chlamydial strains representing C. trachomatis, 
C. pneumoniae, and C. psittaci. W hile the phylogenetic relationships am ong 
m em bers of the sam e chlam ydial species are  identical to  the  hypothesis 
presented in this paper, the relation betw een the chlam ydial species and the 
rooting differ substantially from  our m odel of chlam ydial phylogeny and the 
m ost probable position of a com m on ancestor in  this unroo ted  tree. We 
attribute these differences to two assum ptions in the form er m odel that we 
consider inadequate : 1) W e could not obtain w ith confidence a correct
alignm ent of functionally  hom ologous residues of hypervariab le  regions 
w ith in  VDs I, II, and  IV and  therefore excluded them  from  parsim ony 
analysis. Visual inspection of the MOMP sequences, aligned by Carter et al. 
(16), indicates the same problem . The influence of these possibly incorrectly 
aligned sequences on the phylogenetic hypothesis m ight have been only 
m arginal, and m ay be offset by the additional data from the highly conserved 
5' and 3' term inal regions of the MOMP genes, w hich w ere not considered in 
ou r study. 2) Evidence argues strongly against a constant MOMP gene 
evolution, and favors the concept of a highly accelerated rate of MOMP gene 
evolution in hum an strains of C. trachomatis as com pared to the overall 
evolution of the chlam ydial genome. This difference in the rate  of MOMP 
gene evolution of hum an strains of C. trachomatis and  o ther chlam ydiae 
precludes correct rooting of the phylogenetic tree. The evolutionary distances 
betw een strains of C. trachomatis, particularly  betw een those of different 
serocomplexes, are clearly overstated in the phylogenetic hypothesis of Carter 
et al. (16) and the resultant root is therefore misplaced.
The phylogenetic relationships am ong chlam ydiae as determ ined by our 
stu d y  for the  genus are in  com plete agreem ent w ith  earlier stud ies on 
classification of chlamydiae (15, 21, 32, 36, 105,126,148). The ancestral MOMP 
genotypes M N, 6BC, OA, B577, LW508, FEPN, and  GPIC share
nontranslated DNA sequences 5' and 3' to the MOMP protein  coding region 
as proven by the amplification w ith prim ers 5GPF and 3GPB (64). These DNA 
sequences are usually involved in directing transcription. The MOMP genes 
of the m ore highly evolved genotypes cannot be am plified w ith  5GPF and 
3GPB. Thus, differential am plification m ay reflect differences in MOMP 
expression  de term in ing  d iverse  biological characteristics of ch lam ydial 
MOMP genotypes.
The in triguing finding tha t C. psittaci MOMP genotype KOALA is a sister 
taxon of C. pneumoniae AR388 poses the question  of how  chlam ydial 
variants so closely related could evolve in the distantly related hosts, Homo 
sapiens and Phascolarctus cinereus (Koala). The close relation of the highly 
evolved rum inant MOMP genotypes LW613 and 66P130 to the porcine types 
L71 and  171 OS is no t unexpected from  serological analysis (105). Porcine 
MOMP genotype S45 is the closest relative to a hypothetical ancestor of C. 
trachomatis. Based on its anim al origin, it is considered C. psittaci, bu t its 
sulfadiazine sensitivity and inclusion m orphology (126) are consistent w ith C. 
trachomatis. Further investigation of this chlam ydial stra in  m igh t reveal 
im portan t data  concerning the evolution of C. trachomatis.
Com parison of the MOMP genes indicates that their DNA sequences are at 
least as conserved am ong chlam ydiae as are traits like seroreactivity or RFLP 
patterns. W e assigned chlam ydial strains to a particular MOMP genotype if 
they w ere identical in one of these properties to a chlam ydial strain  w ith 
know n M OM P genotype. Some MOMP genotypes exhibit, therefore,
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heterogeneity  in these properties, w hile others are hom ogeneous. MOMP 
genotypes M N and 6BC represent C. psittaci RFLP types avian lb  and lc  (32), 
respectively. N o strain of the avian la  RFLP type w as available to us for 
MOMP gene sequencing. MN and 6BC w ere differentiated serologically (24), 
and both differ from the closely related MOMP genotype OA, which possibly 
m ight represen t the avian l a  RFLP type of C. psittaci. Similarly, MOMP 
genotype B577 represents the C. psittaci RFLP type avian 2b, bu t the RFLP 
type of the sister taxon LW508 is unknow n. LW508 differs only in one 
synonym ous and  tw o nonsynonym ous positions w ith in  the  conserved 
MOMP gene regions from MOMP genotype B577. The MOMP gene DNA 
sequence of C. psittaci strain S26/3 (52) from  ovine abortion deviates in one 
position from B577, bu t because of this synonym ous, single substitution we 
d id  not analyze it as separate MOMP genotype. The MOMP genotypes B577 
and  LW508 possess identical variable dom ains and therefore m ost likely 
rep resen t C. psittaci serovar 1 (105). The deviations w ith in  the conserved 
MOMP gene dom ains m ight reflect chromosomal DNA divergence such that 
these MOMP genotypes will no t all necessarily constitute the avian 2b RFLP 
type.
Tractable heterogeneity  in seroreactivity, RFLP type, and  DNA-DNA 
hyb rid iza tion  is not p resen t in the  d a ta  on feline ch lam ydial isolates 
com prising MOMP genotype FEPN. Two feline serovars of C. psittaci were 
iden tified  by  Eb at al. (24), one of w hich is M OM P genotype FEPN. 
Heterogeneity m ight therefore exist w ithin feline chlam ydial isolates as well.
The greatest degree of heterogeneity was found in MOMP genotype LW613, 
which represents C. psittaci strains of the rum inant RFLP types la , lb , and lc, 
and of m am m alian serovars 2, 6, and 9 . H ow ever, elem entary bodies of 
strains L14 and  JP1751, w hich w ere determ ined serovars 6 and 9 (105),
respectively, exhibited 100% cross reactivity w ith serovar 2 antibodies. Thus, 
the serovar status of these strains m ight be serovar 2 as well.
MOMP genotype KOALA com prises tw o C. psittaci strains KOALA and 
KOALA uro, ocular and urogenital isolates, respectively (36). These strains 
clearly differed in RFLP analysis, tissue tropism, and presence of a plasmid.
MOMP genotype 171 OS represents the porcine C. psittaci serovar 6. Both 
serovar 6 isolates 171 OS and 1708 had  identical partial MOMP gene DNA 
sequences. MOMP genotypes L71, 66P130, S45, and MOPN include single 
prototypes of separate chlamydial serovars or biovars.
Strains of C. pneumoniae w ere identical in earlier RFLP and DNA-DNA 
hybridization analyses (15, 21). Significantly, the partial MOMP gene DNA 
sequences of C. pneumoniae strains AR388, AR39 (14), and IOL-207 (16) are 
identical, thu s fu rther confirm ing the hom ogeneity  of th is chlam ydial 
species.
MOMP genotypes of C. trachomatis cluster as serocomplex C group A, C, 
H, and as B complex group LI, B, L2, E, and  F in agreem ent w ith their 
serological reactivity (150). Serovar F, which is serologically distantly related 
to the other m em bers of the B complex, constitutes a sister g roup  to the 
rem aining B group serovars LI, B, L2, and E. We were not able to infer from 
the lim ited  sequence in form ation  available a m eaningfu l phylogenetic  
hypothesis for all hum an  serovars of C. trachomatis. A dd itional DNA 
sequence data  of serovars, from  w hich the variable dom ains only w ere 
analyzed, m ight help in understanding the phylogenetic relationship am ong 
C. trachomatis.
W hile a p lasm id w as found in m ost chlam ydial isolates, certain MOMP 
genotypes throughout the genus lack it. For instance, C. psittaci isolates of 
the B577 MOMP genotype from  ovine abortion and C. pneumoniae AR388 do
not harbor a plasm id (15, 73, 78), as does the ocular C. psittaci isolate KOALA, 
b u t no t the urogenital isolate KOALA uro  of the sam e MOMP genotype 
KOALA (36). Also, some investigators found a plasm id in C. psittaci strain 
M N (73,78), bu t others d id  not (62). Recently, a hum an isolate of 
C. trachomatis w ithout plasm id was identified (108). This is in contrast to 
earlier findings, in w hich all hum an strains of C. trachomatis possessed a 
p lasm id  (100). This occasional appearance th ro u g h o u t the  chlam ydial 
evolution of isolates lacking a p lasm id  suggests tha t the p lasm id  m ight 
p rovide functions advantageous in evolution and host adaptation, bu t they 
are not essential for chlam ydial survival.
O ur m odel of the chlam ydial phylogeny, studies on DNA relatedness 
betw een chlam ydiae, serotyping, and restriction endonuclease analyses (15, 
21, 32, 36, 105) em phasize the need  for fu rther taxonom ic analysis and  
division of C. psittaci into additional species (87,129,133). Obvious candidates 
for new  chlam ydial species (153) are MOMP genotype M N com bined w ith 
6BC, and genotypes B577, FEPN, GPIC, LW613, and MOPN. The status of 
MOMP genotypes OA, LW508, 66P130, L71, 1710S, KOALA, and S45 in 
relation to other genotypes requires clarification in further studies.
This p resen t hypothesis of the phylogeny of Chlamydia term inates the 
d ichotom y betw een avian and  m am m alian stra ins of C. psittaci, and it 
provides som e answ ers to the long standing question of the hum an risk to 
infections through C. psittaci. Only MOMP genotypes MN, 6BC, and  B577 
are associated w ith avian hosts, bu t are equally found in m am m als. These 
chlam ydiae m ight establish them selves best in flocking host species and 
m ight require conditions of frequent reinfection for persistence w ithin  the 
host population. The ancestral MOMP genotypes MN, 6BC, and B577 were 
also isolated from cases of severe hum an systemic infections w ith C. psittaci.
7 7
Thus, occasionally these chlam ydiae m ight break ou t of their comm on hosts 
in a heterologous chain of infection, w hich is usually  term inated  in the 
atypical host. Of the m ore highly evolved C. psittaci MOMP genotypes only 
FEPN w as associated w ith localized hum an conjunctival infection (24, 124). 
Thus, increased host adaptation during  the course of chlam ydial evolution 
appears to limit the in vivo invasiveness of highly evolved variants of 
C. psittaci for hum an subjects.
This study  has elucidated phylogenetic relationships am ong chlam ydiae. 
Knowledge of these relations is im portant for understanding  pathogenic and 
biochemical properties of these bacteria. It should also assist in  the correct 
selection of disease models. MOMP gene DNA sequences determ ined in this 
s tu d y  hav e  confirm ed  and  ex tended  in fo rm a tio n  on  th is  im p o rtan t 
chlam ydial protein. Genus-specific oligonucleotides developed th roughout 
this investigation can be used for im proved detection by PCR m ethodology of 
chlam ydial infections caused by know n and as yet unidentified  chlam ydial 
variants. Rapid DNA sequencing of PCR-amplified MOMP gene fragm ents 
using these or new ly designed oligonucleotide prim ers can assist in typing of 
ch lam ydiae and  fu rther the understand ing  of ch lam ydial epidem iology. 
Peptides derived  from  linear, highly im m unogenic regions of chlam ydial 
MOMPs m ight help to im prove serodiagnosis of chlam ydial infections using 
advanced ELISA m ethods. Finally, deduced  am ino acid sequences of 
chlam ydial MOMPs m ight be instrum ental in  the developm ent of synthetic 
pep tide  vaccines incorporating conserved T cell determ inants together w ith 
im m unodom inant, infectivity neutralizing  MOMP B cell determ inants in 
colinear peptides.
C hapter V. DETECTION AND DIFFERENTIATION OF CHLAMYDIA  BY 
A TWO-STEP POLYMERASE CHAIN REACTION
V.A. INTRODUCTION.
C hlam ydiae are extrem ely w idespread  in tracellu lar bacteria  tha t cause 
clinically  in ap p a ren t infections and  a varie ty  of d iseases in  hum ans, 
m arsupials, o ther m am m als, and  birds. In m an, m ost notable are 
trachom a and urogenital infections due to C. trachomatis, respiratory 
infections due to C. pneumoniae, and psittacosis caused by C. psittaci (38, 
121). In anim als, C. psittaci is capable of in d u cin g  d iverse  disease 
syndrom es like enteritis, urogenital infections and  abortions, pneum onia, 
polyarthritis, polyserositis, encephalitis, and m astitis (132).
These agents are cu rren tly  detected  by cell cu ltu re  isolation, ELISA 
m ethods for chlam ydial antigen identification, and  in situ hybrid ization  
(128). Recently, sensitive PCR m ethods w ere reported  for the detection of 
DNA sequences of the com m on plasm id of C. trachomatis (23, 96) and the 
MOMP genes of C. trachomatis, C. pneumoniae, and C. psittaci (54). While 
th e  species C. trachom atis  and  C. pneum oniae  w e re  e x am in e d  
co m prehensive ly  in  the  la te r  rep o rt, am p lifica tion  of the  h igh ly  
heterogeneous species C. psittaci was analyzed using only one representative 
strain. Thus, it is uncertain, which variants of C. psittaci can be detected 
w ith  this method.
Recently we obtained partia l (81%) MOMP gene DNA sequences of 25 
representative chlam ydial strains using PCR m ethodology. Based on these 
sequences a phylogenetic hypothesis was inferred for the genus by m aximum 
parsim ony  analysis (63). This phylogenetic  tree (Figure IV.4.) im plied
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m onophyletic  evo lu tion  of the  genus C hlam ydia . C. psittaci stra in  MN 
(m eningopneum onitis) w as closest to a hypothetical chlam ydial ancestor. 
A vian types of C. psittaci w ith  a w ide host range and  disease potential 
represented ancestral chlamydial taxa. Three m ain groups of highly evolved 
and uniquely host-adapted chlamydiae were identified : C. trachomatis,
C. pneumoniae w ith  the  MOMP genotype KOALA of chlam ydial isolates 
from  Phascolarctus cinereus (Koala), and  a group of rum inan t and porcine 
isolates of C. psittaci w ith disease propensity for polyarthritis.
O n the basis of these findings we explored the possibility of sensitive genus- 
specific de tection  of C hlam ydia  by PCR. W e rep o rt the detection of 
Chlamydia by PCR-amplification of MOMP gene DNA sequences, the PCR- 
based classification of chlam ydial MOMP genes into four major groups, the 
d ifferen tiation  of MOMP genotypes w ith in  these  g roups by  restric tion  
endonuclease analysis, and the detection of C. psittaci in clinical specimens.
V.B. MATERIALS AND METHODS.
V.B.l. Chlamydial Strains.
Thirteen strains of Chlamydia representing thirteen MOMP genotypes, at 
least nine serovars and six RFLP types of hum an, koala, bovine, ovine, 
porcine, feline, guinea pig, and m urine origin (32, 63, 105) were used in this 
investigation. Relevant inform ation about these isolates is sum m arized in 
Table V .l. All chlam ydial strains except C. pneumoniae AR388 and C. psittaci 
KOALA w ere p ropagated  in developing  chicken em bryos as described 
previously (105). In addition, strain B577 was also cultivated in persistently 
infected L-cells (106).
Table V.l. Origin, MOMP genotype, serovar, and RFLP type of chlamydial strains included in PCR detection and differentiation of 
chlamydial MOMP genes.
Chlamydial strain MOMP genotype® Serovar*5 RFLP typec Host Host Clinical Condition Reference
C. pneumoniae
AR388 AR388 — . . . Human Respiratory Infection 15
C. psittaci
KOALA KOALA — — Koala Keratoconjunctivitis 36
FEPN FEPN 7 Feline 1 Cat Live Vaccine 105
GPIC GPIC 8 . . . Guinea Pig Conjunctivitis 105
B577 B577 1 Avian 2b Sheep Abortion 105
BMZ1121 MN — Avian lb Cattle Mastitis 65
C. trachomatis
MOPN MOPN Mouse Mouse Pneumonia 95
L2 L2 L2 Human Human Lymphogranuloma Venereum 148
C. psittaci
S45 S45 5 . . . Swine Inapparent Intestinal Infection 105
66P130 66P130 3 . . . Cattle Inapparent Intestinal Infcetion 105
LW613 LW613 2 Ruminant 1 Cattle Polyarthritis 105
L71 L71 4 . . . Swine Polyarthritis 105
1710S 1710S 6 . . . Swine Abortion 105
a) MOMP genotypes were determined by Kaltenboeck et al. (63).
b) Serovars of C. psittaci were determined by Perez-Martinez and Storz (105), the serovar of C. trachomatis L2 was determined by 
Wang and Grayston (148).
c) RFLP types were determined by Fukushi and Hirai (32).
V.B.2. Extraction of Chlamydial DNA.
Chlamydial DNA was extracted from heavily infected yolk sacs as described 
in section III.B.2. Purified DNAs from  C. pneumoniae strain AR388 and from 
C. psittaci strain KOALA w ere kind gifts of Dr. L.A. Campbell, University of 
W ashington, Seattle, W A, and  Dr. A deeb A. Girjes, U niversity  of 
Queensland, Brisbane, Australia, respectively.
Chlam ydia-negative background DNA from  uninfected L-cells and from 
bacteria likely to be encountered in clinical specim ens (E. coli, Salmonella 
choleraesuis, Bordetella bronchiseptica, Pseudomonas aeruginosa) w as 
extracted after low speed sedim entation like chlamydial DNA.
V.B.3. O ligonucleotide Primers.
A schem atic representation of the chlam ydial MOMP gene, the relative 
location of the prim ers, and the DNA fragm ents generated in the PCRs, is 
p resen ted  in  F igure V .l. The p rim ers are listed  in Table V.2. These 
degenerate, inosine containing oligonucleotide prim ers (70) w ere synthesized 
in our laboratory by the phosphoram idite m ethod on a GenePlus Synthesizer 
(Pharmacia-LKB, Piscataw ay, NJ) and  used w ithou t fu rther purification. 
W ith the  exception of TROMP358, PNOMP268, and  PSOMP204 these 
oligonucleotide p rim ers hybridize to DNA sequences of the MOMP gene 
present in all chlam ydial strains exam ined. TROMP358 is specific for the 
trachom atis g roup  of chlam ydial MOMP genotypes, PNOMP268 for the 
pneum oniae group, and PSOMP204 for the po lyarthritid is group. These 
prim ers were designed to m atch the know n target sequences of their cognate 
chlam ydial group, but contain clustered at the 3' ends, as m any as eight 
m ismatches to other chlam ydial MOMP genes. Com bined in one PCR with 
the genus-specific p rim er 29CHOM P they generate  DNA fragm ents of 
different lengths characteristic of the target chlamydial group (Figure V.l.).
V.B.4. PCR-Amplification.
All PCRs w ere perform ed w ith 2.5 units of Taq DNA polym erase (GIBCO- 
BRL, G aithersburg, MD) in 100 pi reactions containing 0.01% bovine serum  
album in and 0.05% Tween-20 in 20 mM Tris-HCl, pH  8.3, 2.0 m M  M gC l2, 25 
mM KC1, and 200 pM each dNTP. Prim ers 9CHOMP and CHOMP371 were 
used at 0.2 pM  each in Chlamydia  genus-specific p rim ary  am plification , 
prim ers 29CHOMP and CHOMP336 in genus-specific secondary amplification. 
Prim ers TROMP358, PNOMP268, and PSOMP204 w ere used together w ith 
29CHOMP at 0.1 pM each in the secondary group-specific amplification. The 
sam ples w ere  overla id  w ith  m ineral oil and  in  p rim ary  am plification 
subjected to 40 cycles of 1 sec at 96°C, 30 sec at 56°C, and 1 m in at 72°C in a 
program m able DNA Thermal Cycler (Eppendorf, Frem ont, CA). Secondary 
amplifications w ere perform ed for 27 cycles of 1 sec at 96°C, 30 sec at 52°C, 
and 1 m in at 72°C. After prim ary  and  secondary PCRs, the sam ples were 
incubated at 72°C for 7 min. The sensitivity of the PCR was established by 
using various am ounts of purified B577 DNA in a background of 1.0 pg of a 
m ix ture  of uninfected  L-cell and  bacterial DNAs as in p u t for p rim ary  
amplification. Am ounts of 5 pi of am plified prim ary reactions w ere used as 
inpu t DNA in the secondary PCRs. N egative controls w ith the presence or 
absence of background DNA (extraction and reagent controls) w ere routinely 
included. To establish the spectrum  of chlamydial strains w ith DNA that can 
be amplified 10 pi of 1:100 diluted DNA extracted from  infected yolk sacs (30- 
100 ng) or purified chlamydial DNA were used in 30 cycles of prim ary PCRs, 
and 5 pi of the 10"3 diluted prim ary PCRs in the secondary genus- and group- 
specific PCRs.
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Figure V .l. Schem atic rep re sen ta tio n  of the  ch lam ydia l M OM P gene 
indicating the relative positions of the oligonucleotide prim ers used  in the 
PCR-amplifications.
The translated regions are boxed, the leader pep tide  is darkly shadow ed. 
Variable dom ains encoding antigenic determ inants are interspersed am ongst 
highly conserved regions. Prim ers are draw n to scale only w ith their 3' ends. 
DNA fragm ents generated in the PCR-amplifications are indicated below  the 
MOMP gene representation. Prim ers 1 and 2 (9CHOMP and CHOMP371) are 
used in  genus-specific p rim ary  chlam ydial am plification, prim ers 3 and 4 
(29CHOMP and  CHOMP336) in genus-specific secondary  am plification. 
Prim er 5 (TROMP358) is specific for the trachom a group of chlamydial MOMP 
genotypes, prim er 6 (PNOMP268) for the pneum onia group, and prim er 7 
(PSOMP204) for the polyarthritis group. These prim ers are used together with 
prim er 2 (29CHOMP) in the secondary group-specific amplification.
Table V.2. Oligonucleotide primers3 used in primary and secondary PCR-amplifications of chlamydial MOMP genes.
1) 9CHOMP * 5’ GCI(CT)TGCCTGTIGGGAA(CT)CCIGCIGA(AG)CC 3’ ( 64 - 92)
2) CHOMP371 5' TTAGAAIC(GT)GAATTGIGC(AG)TI1A(TC)GTGIGCIGC 3' ( +3 - 1177)
3) 29CHOMP 5' GGIGA(CT)CCITG(CT)GA(CT)CCITG 3' ( 133 - 152)
4) CHOMP336 5’ CAAG(AC)TTTTCTGGA(CT)TT(AC)A(AT)(CT)TTGTT 3' ( 1097 - 1072)
5) TROMP358 5' G(AT)GTCTCAA(CT)(AT)GTAACTGC(AG)T 3' (1159 - 1139)
6) PNOMP268 5' CCAATGTATGGCACTAAAGA 3' ( 887 - 868)
7) PSOMP204 5' ACGTT(GT)A(AG)TTCTTGAACGCG 3' ( 695 - 676)
a ) The primer designation OMP istands for outer membrane protein gene, CH for Chlamydia, TR for trachoma, PN for pneumonia, 
PS for psittacosis. The number in the primer designation indicates the codon of C. psittaci strain MN (165) at the 3' end of the primer, 
and the position of the number left or right of the letters identifies sense or antisense priming, respectively. Numbers in brackets 
indicate the position of the primer (5' -> 3') on the MOMP gene of C. psittaci strain MN. Plus denotes 3' nontranslated regions of the 
MOMP gene.
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V.B.5. Analysis of Amplified DNA.
A m ounts of 10 pi of the am plified reaction w ere fractionated by 1.5% (1:1 
ratio of DNA grade agarose to NuSieve agarose; FMC BioProducts, Rockland, 
ME) or 4% agarose (1:3 ratio of DNA grade agarose to NuSieve agarose) gel 
e lec tro p h o res is  d irec tly  o r a fte r re s tric tio n  en d o n u c lease  d igestion , 
respectively. The DNA was visualized by ethidium  brom ide staining and UV 
fluorescence. The chlam ydial MOMP genotypes w ere d ifferen tiated  by 
restriction endonuclease analysis of the secondary am plification products. 
G enus-specific DNA fragm ents of chlam ydial M OM P genotypes of the 
psittacosis g roup and group-specific fragm ents of trachoma, pneum onia, and 
polyarthritis groups w ere restricted. A ppropriate restriction enzym es were 
identified by com puter analysis of the partial MOMP gene DNA sequences 
(63). The chlamydial groups were differentiated w ith the following restriction 
endonucleases : psittacosis w ith Hae III, trachom a w ith Pvu II, pneum onia 
w ith  Fm«4H1, and polyarthritis w ith BsfUl and B stY l. Ten to 20 pi of the 
secondary PCRs were mixed w ith the appropriate buffer and restricted for 1 hr 
at the recom m ended tem perature using 10 units of the respective enzym es 
(New England Biolabs, Beverly, MA). The specificity of the amplification 
w as confirm ed through: i) appearance of a single DNA fragm ent of the 
expected size, and ii) appearance of restriction patterns of the am plified 
secondary DNA fragments as expected from the DNA sequences of the partial 
MOMP genes.
V.B.6. Clinical Samples.
Seven m ilk sam ples w ere obtained from  random ly  selected dairy  cows 
suffering from  m astitis of variable severity. Low num bers of E. coli w e re  
found in sam ple 2200 LR using standard bacteriological techniques, all other 
sam ples w ere free of detectable bacteria. DNA was extracted as described for
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infected yolk sacs except that homogenization was perform ed w ithout adding. 
Ten pi samples of DNA (0.2 - 0.7 pg) were subjected to prim ary amplification, 
and subsequent procedures were perform ed as described.
V.C. RESULTS.
V.C.I. D eterm ination of the Sensitivity of Genus-Specific
PCR-Amplification.
The efficiency of am plification was optim ized in a series of experim ents 
(59). Subsequently, the sensitivity of prim ary and  com bined prim ary  and 
secondary genus-specific am plifications w ere determ ined. The inpu t DNA 
consisted of tenfold dilutions of purified B577 DNA in a constant background
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of 1.0 pg of uninfected L-cell and bacterial DNAs (equivalent of 3x10 hum an 
8genomes or 3x10 E. coli genomes, respectively). The num ber of chlam ydial 
tem plates was calculated assum ing that the MOMP gene is a single copy gene 
(15) w ithin the 1450 kbp chlamydial genome (30) (1.563 ng of chlamydial DNA 
equals 10^ templates).
C hlam ydial DNA represen ting  100,000 chlam ydial genom es (156.3 pg 
DNA) yielded an expected single DNA fragm ent of approxim ately 1120 base 
pairs (bp) after prim ary amplification (Figure V.2.). This fragm ent was clearly 
visible after e th id ium  brom ide staining. In contrast, DN A representing  
10,000 chlam ydial genom es p roduced  a fain tly  sta in ing  1120 bp  DNA 
fragm ent. A single DNA fragm ent of the expected size of approxim ately 930 
bp  w as observed  in the secondary  am plification . C h lam ydial DNA 
representing three prim ary inpu t genomes was sufficient for visualization of 
the 930 bp  DNA fragm ent after ethidium  brom ide staining. Thus, combined 
prim ary and secondary genus-specific amplifications were capable of detecting 
one cognate chlam ydial genom e in a 210-m illionfold excess of unrelated
1107 b p - 
926 b p -
-1078  bp 
-  872 bp
Figure V.2. D eterm ination  of the sensitiv ity  of p rim ary  and  com bined 
prim ary and secondary genus-specific PCR-amplifications of the B577 MOMP 
gene.
Indicated am ounts of purified  B577 tem plate DNA w ere m ixed w ith 1.0 
\ig background DNA per 100 |il reaction and subjected to  therm ocycling as 
described. DNA fragm ents w ere resolved by 1.5% agarose gel electrophoresis 
(1:1 ratio of DNA grade agarose to NuSieve agarose) and eth id ium  brom ide 
staining. Prim ary am plification products can be observed in respective left 
lanes, secondary products in right lanes, neg. control indicates background
DNA w ithout template. M olecular w eight m arker is <|>X174RF DNA digested 
w ith Hae III.
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DNA or in a background of DNA derived from  100,000 hum an cells.
V.C.2. Chlam ydial M OM P Gene Fragments A m plified by  the 
Genus-Specific PCR.
To verify the spectrum  of MOMP genes of Chlamydia that can be amplified 
w e iso lated  DNA from  yolk sacs infected w ith  stra ins of represen tative  
chlam ydial MOMP genotypes. D iluted sam ples (1:100) w ere subjected to 
p rim ary  and  secondary  am plifications. The resu lts  ind ica te  th a t all 
chlam ydial MOMP genes are amplified by the genus-specific oligonucleotide 
p rim ers (Figure V.3., panels "prim, genus" and  "sec. genus"). Specific 
amplification of the chlam ydial target DNA is indicated by the presence of a 
single specific DNA fragm ent in electrophoretic analysis of p rim ary  and 
secondary genus-specific PCRs. The slightly d ifferent m igration of DNA 
fragm ents indicates size differences in the MOMP genes.
Thus, the tw o-step PCR of the chlamydial MOMP gene using the prim ers 
9CHOM P, CHOM P371, 29CHOM P, and  CHOM P336 am plifies DNA 
fragm ents from  the know n chlam ydiae, and  m igh t also detect as yet 
undefined chlam ydial variants.
V.C.3. D ifferentiation of Groups of Chlam ydial M OM P Genotypes by 
PCR-Am plification.
The secondary  group-specific PCR w as developed  as a tool for rap id  
prelim inary  classification of chlam ydial MOMP genotypes. The antisense, 
group-specific p rim ers TROMP358, PNOM P268, and  PSOMP204 w ere 
designed to hybridize under stringent conditions w ith different fingerprint 
regions of MOMP genes of their respective cognate groups, bu t not other 
chlam ydial MOMP genes, to avoid any prim er-prim er interference during 
am plification. This resulted  in a m ultiplex PCR (18) in w hich the genus- 
specific sense prim er 29CHOMP is shared by all am plified DNA fragm ents
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Figure V.3. D eterm ination of chlam ydial M OM P genotypes am plified  in 
prim ary, secondary genus-specific, and secondary group-specific PCRs.
DNA extracted from  yolk sacs infected w ith  chlam ydial MOMP genotypes 
or purified  chlam ydial DNA (AR388 and KOALA) was subjected to prim ary 
and  secondary  am plifications. P rim ary  am plification  p roducts can be 
observed in the upper panel, secondary genus-specific PCR products in the 
m iddle  panel, and  secondary group-specific fragm ents in the low er panel. 
AR388 and  KOALA represen t the pneum onia g roup  of MOMP genotypes, 
FEPN, GPIC, B577, and BMZ1121 the psittacosis group, MOPN, L2, and S45 
the trachom a group, and 66P130, LW613, L71, and  1710S the polyarthritis 
group. DNA fragm ents were resolved by 1.5% agarose gel electrophoresis and 
e th id ium  brom ide staining.
Table V 3. Calculated lengths (basepairs) of amplified and restricted MOMP gene DNA fragments4 of chlamydial strains included 
in PCR detection and differentiation.
Chlamydial strain Chlamydial group prim, genus PCR sec. genus PCR sec. group PCR sec. PCR restricted with
C. pneumoniae
AR388 Pneumonia 1104
C. psittaci
KOALA Pneumonia 1104
FEPN Psittacosis 1116
GPIC Psittacosis 1107
B577 Psittacosis 1107
BMZ1121 Psittacosis 1146
C. trachomatis
MOPN Trachoma 1101
L2 Trachoma 1122
C. psittaci
S45 Trachoma 1119
66P130 Polyarthritis 1116
LW613 Polyarthritis 1110
L71 Polyarthritis 1101
1710S Polyarthritis 1104
Fnu4Hl
923 722 576,143,3
923 722 362,360
H ae III
935 — 796,88,51
926 — 395,201,197,133
926 . . . 926
965 710,255
P vull
920 981 614,367
941 1002 565,437
938 999 420,379,200
BsfUl & B stY l
935 536 468,37,18,13
929 536 294,105,69,37,18,13
920 536 294,174,37,18,13
923 536 399,69,37,18,13
a ) Oligonucleotide primers 9CHOMP and CHOMP371 are used in genus-specific primary amplification, 29CHOMP and CHOMP336 
in genus-specific secondary amplification. Primers 29CHOMP, TROMP358, PNOMP268, and PSOMP204 are used in secondary group- 
specific amplification. For restriction endonuclease analysis the amplified secondary group-specific PCR fragments of trachoma, 
pneumonia, and polyarthritis groups of MOMP genotypes, and secondary genus-specific PCR fragments of psittacosis group MOMP 
genotypes are digested with indicated restriction enzymes. DNA fragments visible in agarose gels are indicated by bold printing.
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(panels "sec. group" of Figures V.3. and V.5.).
C hlam ydiae of the trachom a, pneum onia, and  polyarthritis g roups of 
MOMP genotypes yielded specific amplified DNA fragm ents of the expected 
lenghts (Table V.3.). As anticipated, strains FEPN, GPIC, B577, and  
BMZ1121 of the psittacosis group could not be am plified. This g roup  is 
identified by default through positive am plification in the secondary genus- 
specific PCR.
The positive control sam ple in the left lane of the panel "sec. group" in 
Figure V.5. is the secondary group-specific amplification of a sam ple from a 
p rim ary  PCR containing DNA of chlam ydial MOMP genotypes L2, AR388, 
and LW613. The sim ultaneous appearance of DNA fragm ents specific for the 
chlam ydial groups trachom a, pneum onia, and  polyarthritis confirms the 
potential of the secondary group-specific am plification to identify m ultiple 
infections w ith certain chlam ydial MOMP genotypes. Thus, combined w ith 
genus-specific PCRs, the secondary group-specific amplification differentiates 
betw een four groups of chlamydial MOMP genotypes. Furtherm ore, it can 
identify  the sim ultaneous presence of chlam ydial strains of the trachom atis, 
pneum oniae, and polyarthritidis groups.
V.C.4. Differentiation of Chlamydial MOMP Genotypes by Restriction 
Endonuclease Analysis of Amplified DNA Fragments.
K now ledge of the partial MOMP gene DNA sequences of the chlamydial 
MOMP genotypes show n in Figure IV.4. enabled us to further differentiate 
b e tw een  the  MOMP geno types of p a rtic u la r  g ro u p s  by res tric tio n  
en d o n u clease  analysis of secondary  g roup-specific  o r genus-specific  
(psittacosis group) amplification products. Suitable restriction endonucleases 
were rapidly  identified by computer-assisted restriction m apping of the partial 
MOMP genes. These enzym es and the expected DNA fragm ent sizes after
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Figure V.4. Differentiation of MOMP genotypes by restriction endonuclease 
analysis of secondary amplification products.
Ten to  20 pi of am plified secondary PCRs (genus-specific for psittacosis 
group, group-specific for trachom a, pneum onia, and  polyarthritis groups) 
w ere m ixed w ith  restric tion  buffer and  incubated  w ith  10 un its of the 
indicated restriction endonucleases. DNA fragm ents w ere resolved by 4% 
agarose gel electrophoresis (1:3 ratio  of DNA grade  agarose to NuSieve 
agarose) and ethidium  brom ide staining.
restriction are listed in  Table V.3. The differentiation scheme w as designed 
such th a t closely rela ted  M OM P genotypes M N, 6BC, and  OA of the 
psittacosis group were recognized as restriction fragm ents of the sam e length, 
and  types B577 and LW508 as another identical set. D ifferentiation of the 
trachom a group MOMP genotypes S45, MOPN, and L2 w ith Pvu II is not 
com prehensive for all hum an serovars of C. trachomatis and w as intended to 
m erely discrim inate betw een the given set of am plified MOMP genotypes of 
the trachom a group.
F igure V.4. dem onstrates tha t cleavage w ith  the respective restriction 
endonucleases generated  DN A fragm ents as expected. Some fragm ents 
exhibit slightly aberrant m obilities like the 395 bp  DNA fragm ent of GPIC 
(apparen t m obility approxim ately  360 bp), and  m ost notable the 576 bp 
fragm en t of AR388, w hich  m ig ra ted  w ith  an a p p a re n t m obility  of 
approxim ately 620 bp. H ow ever, the parental secondary DNA fragm ents of 
these MOMP genotypes have the correct lengths (Figure V.3., panels "sec. 
genus" and  "sec. group"), and  the rem aining restriction fragm ents can be 
iden tified  a t the calculated  positions. These aberran t m obilities w ere 
consistently  found  in analyses w ith  different agarose concentrations and 
electrophoresis buffers.
These results indicate that restriction endonuclease analysis of secondary 
MOMP gene amplification products can unam biguously achieve the intended 
differentiation of chlamydial MOMP genotypes.
V.C.5. Analysis of Clinical Samples.
W e analyzed the milk of seven dairy cows suffering from  m astitis to assess 
the  app licab ility  of the  estab lished  PCR am plification for detection  of 
chlam ydial MOMP gene sequences in clinical sam ples. N o specific DNA 
fragm ents could be v isualized  in  p rim ary  am plification indicating  a low
genus -1 3 5 3  bp 
-1 0 7 8  bp
sec.genus
sec.
group
L2, 1002 bp
AR388, 722bp 
LW613, 536 bp
Haelll
restr.
“ 1078 bp
-  872 bp
— 603 bp
-  310 bp
Figure V.5. PCR exam ination of milk from  cows w ith m astitis 
DNA extracted from  m ilk sam ples w as subjected to prim ary, secondary 
genus-specific, and secondary group-specific amplifications. DNA fragm ents 
from  secondary genus-specific PCRs of sam ples 2361LF and 2200LR w ere 
analyzed by Hae III restriction. Extraction control w as perfo rm ed  w ith 
extracted mock sam ple, reagent control is a 100 |il PCR in the absence of a 
sam ple. D N A  fragm ents w ere  reso lved  by  1.5% or 4% agarose gel 
electrophoresis and e th id ium  brom ide staining. PCR products and  Hae III 
restriction are indicated on the left side of the respective panels. A secondary 
group-specific PCR was analyzed as positive control in the leftm ost lane of the 
panel sec. group. The prim ary  inpu t sam ple of this PCR contained DNA of 
chlam ydial MOMP genotypes L2 (trachom a group), AR388 (pneum onia 
group), and LW613 (polyarthritis group).
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num ber of chlam ydiae in the sam ples (Figure V.5.). Secondary genus-specific 
am plification yielded strongly staining, specific DNA fragm ents in samples 
2200 LR and  2361 LF w hile the rest rem ained negative. Secondary group- 
specific am plifications w ere negative in  all sam ples, indicating  tha t the 
MOMP gene fragm ents am plified in the secondary genus-specific PCRs are 
derived from  the psittacosis group of chlam ydial MOMP genotypes. DNA 
fragm ents of these reactions w ere therefore analyzed by  Hae III restriction. 
The approxim ately 1120 bp fragments after restriction indicate that the 
C. psittaci positive milk sam ples contain MOMP gene sequences of the B577 /  
LW508 MOMP genotypes. These results dem onstra te  th a t the Chlamydia 
genus-specific PC R-am plification can be successfully  app lied  to clinical 
sam ples, and  the MOMP genotype contained in  positive sam ples can be 
determ ined by restriction endonuclease analysis of secondary amplification 
products. This approach facilitates rap id  differentiation in conjunction w ith 
detection of chlamydial MOMP genes.
V.D. DISCUSSION.
A tw o -step  P C R -am plification  using  a n e s ted  se t o f d eg en e ra te  
oligonucleotide prim ers specific for the MOMP gene of the genus Chlamydia 
was developed. This m ethod can detect and differentiate chlam ydial MOMP 
gene DNA fragm ents in  com bination w ith group-specific am plification and 
RFLP analysis. The detection lim it of this m ethod  is th ree  chlam ydial 
tem plates per 1 pg of eucaryotic and bacterial background DNA.
The tw o-step PCR-amplification offers the advantage that the sensitivity of 
the system  can be easily adjusted to optim ize the  signal (specific sam ple 
fragm ent amplification) to noise (amplification of unspecific fragm ents and of 
spuriously  contam inating target DNA) ratio of chlam ydial detection. It is
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sufficient to perform  the secondary PCR for as m any cycles as possible w ithout 
appearance of amplification products in the negative control reaction.
The absolu te  detection lim it of th is m ethod is given by the  ratio  of 
chlam ydial target DNA to to background DNA. This ratio  is lim ited to one 
targe t m olecule per approxim ately  1 p g  DNA in a 100 p i reaction. At 
b ack g ro u n d  DN A levels above 1 p g  per 100 p i reac tio n  unspecific  
am plification dram atically  increases w hile the efficiency of the specific 
am plification is reduced. C onsequently , the  sensitiv ity  of chlam ydial 
detection  can be fu rther im proved  only by  m inim izing  the  am oun t of 
background DNA. This can be achieved by differential sedim entation of 
cellular nuclei after sonication of a sample.
A ssum ing a poisson distribution at low am ounts of target tem plates, false 
negatives m ay appear. Thus, certain samples of a positive DNA preparation 
m ay contain no target. In this instance analysis of m ultiple sam ples m ay be 
needed to confirm truly negative reactions.
The high specificity of amplification is a further advantage of the two-step 
PCR-detection using tw o nested pairs of unrelated prim ers (67). Also, this 
m ethod requires only m inim al laboratory equipm ent for am plification and 
detection of the amplified DNA fragm ents by agarose gel electrophoresis. It 
can be perform ed in one day and no additional detection techniques such as 
Southern hybridization or ELISA-based hybrid capture assays (9) are necessary. 
The use of 96-well p lates and  m ultichannel p ipettes could  sim plify the 
handling of the samples and increase the laboratory efficiency.
We designed the genus-specific primers 9CHOMP, CHOMP371, 29CHOMP, 
and CHOMP336 from highly conserved DNA sequences of the 5' and 3' ends 
of the translated regions of the chlam ydial MOMP genes w ith the broadest 
possible recognition in mind. The set of chlamydial strains analyzed in this
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investigation is a com prehensive representation of chlam ydial variants. The 
know n DNA sequences hom ologous to the genus-specific prim ers of MOMP 
genotypes not examined (6BC, OA, LW508, hum an serovars of 
C. trachomatis except L2) equally m atch these prim ers. The com plete MOMP 
gene DNA sequences of C. trachomatis serovars Ba, D, G, I, J, K, and L3 
have no t been determ ined. It is unlikely that the m ost highly conserved 
regions at the 5' and 3' ends of the MOMP genes of these types are altered 
such that they do  not hybridize w ith the genus-specific prim ers. We assum e 
that these genotypes can be equally amplified.
The secondary group-specific amplification facilitates rapid  identification of 
the overall position w ithin the chlamydial phylogeny of an am plified MOMP 
gene DNA fragm ent. It is also capable of detecting m ixed infections w ith 
chlam ydial strains of the trachom a, pneum onia, and  polyarthritis groups. 
The sensitivity of this amplification varies slightly dependent on the length 
of the amplified group-specific DNA fragment, bu t it can be adjusted like the 
secondary genus-specific amplification.
Further differentiation of amplification products can be easily achieved by 
RFLP analysis. The know ledge of m any chlam ydial MOMP gene DNA 
sequences allow s an app rop ria te  selection of restric tion  endonucleases. 
Enzymes can be chosen that generate only few DNA fragm ents such that the 
MOMP genotypes can be identified solely by the length of the restriction 
fragm ents. Therefore no com parison w ith reference RFLPs is necessary for 
unam biguous identification. Also, the relatively large restriction fragm ents 
can be separated and visualized by sim ple horizontal subm erged agarose gel 
electrophoresis and ethidium  brom ide staining.
W hile in this study the RFLP analyses of the psittacosis, polyarthritis, and 
pneum onia g roups differentiate a relatively com plete spectrum  of MOMP
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genotypes, the  analysis of the  trachom a g roup  is no t com prehensive. 
Knowledge of the complete MOMP gene DNA sequences of the 
C. trachomatis serovars Ba, D, G, I, J, K, and  L3 will be necessary for a 
complete RFLP typing scheme of the trachoma group.
The detection of MOMP gene DNA sequences in tw o ou t of seven milk 
sam ples from  bovine m astitis and  the subsequent Hae III differentiation of 
the secondary genus-specific DNA fragm ents dem onstrate  the feasibility of 
PCR-diagnosis and differentiation of chlamydiae in clinical samples. It will be 
necessary to optim ize the sam ple DNA extraction and the handling of large 
sam ple num bers for PCR-detection of chlam ydiae in the  clinical setting. 
C om parative studies w ith o ther detection m ethods and clinical correlation 
are needed  to define the specificity and  overall sensitiv ity  of this PCR 
m ethod.
The data presented in this report indicate that the MOMP gene of extant 
variants of the genus Chlamydia can be sensitively detected by a two-step 
PCR. This highly specific technique requires m inim um  instrum entation and 
time. Am plified DNA fragm ents can be easily differentiated by group-specific 
secondary am plification and RFLP analysis. This differentiation com bined 
w ith  rap id  DN A sequencing  of secondary  genus-specific am plification 
products (63) could lead to identification of as yet undefined  chlam ydial 
variants. Peptide sequences of determ inants of chlam ydial seroreactivity, 
encoded in the variable dom ains of the MOMP gene (3, 131), can be deduced 
w ithout cultivating these chlamydiae. The detection of chlam ydial DNA in 
clinical sam ples w arrants the adaptation and application of this technique to 
clinical d iagnosis of chlam ydial infection. U nlike hum an infections the 
anim al diseases caused by chlam ydiae are no t w idely  recognized. We 
an ticipate  tha t PCR-based genus-specific detection and  differentiation  of
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C hlam ydia  w ill con tribu te  to the u n d e rs tan d in g  of ep idem iology  and  
pathogenesis of chlamydial infection.
C hapter VI. ASSESSMENTS AND PERSPECTIVES
C hlam ydiae are obligate in tracellu lar procaryotic pathogens tha t cause 
im p o rtan t d iseases in hum ans and  anim als. The M OM Ps are  h igh ly  
conserved  am ong chlam ydial species in  contrast to the ir chrom osom al 
DNAs, w hich are less than  10% sim ilar. The MOMP genes of different 
chlamydial strains were the subject of these investigations.
Specific and  sensitive am plification of MOMP gene DNA sequences of 
Chlamydia psittaci w as achieved in  a tw o-step PCR. First, oligonucleotide 
prim ers specific for 5' and 3' nontranslated regulatory regions of the MOMP 
gene were used in a PCR to am plify a DNA fragm ent of approxim ately 1400 
base pairs. A portion  of th is DNA fragm ent w as am plified in  a second 
reaction  using  a degenera te  o ligonucleotide p rim er specific for a DNA 
sequence contained w ithin  the 1400 bp DNA fragm ent and one of the first 
step prim ers. This m ethod detected 10 cognate chlamydial genomes. C. psittaci 
MOMP genes from two avian strains and from  the m am m alian serovars 1, 7, 
and  8 w ere am plified and  analyzed by restriction endonuclease digestion. 
MOMP genes from  m am m alian serovars 2, 3, 4, 5, 6, and  9, and from 
stra ins of C. trachomatis and  C. pneumoniae cou ld  no t be am plified . 
Restriction endonuclease analysis w ith Hae III indicated a close relationship 
be tw een  C. psittaci of av ian  and  m am m alian serovar 1 lineage, w hile 
m am m alian serovars 7 and 8 exhibited distinct restriction patterns.
The partia l DNA sequence (81%) of the MOMP gene of 25 stra ins 
representing all chlamydial species, C. psittaci, C. pneumoniae, and  
C. trachomatis, was obtained by amplification w ith  PCR and dideoxy-DNA 
sequencing. Different strains of the same serovars or of chlamydial types with 
sim ilar RFLP generally had  identical MOMP gene sequences. The partial
1 0 0
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om pA  sequences w ere aligned as 23 MOMP genotypes and  chlam ydial 
phylogenetic relationships w ere  inferred  by com puter-assisted  m axim um  
p ars im o n y  analysis. Tw o v irtu a lly  iden tica l, m ost p a rs im o n io u s 
phylogenetic  hypotheses for the  genus w ere found. These phylogram s 
support m onophyly of Chlamydia in the evolution of the MOMP gene. 
C. psittaci strain MN is closest to a hypothetical chlam ydial ancestor. Avian 
types of C. psittaci w ith  a w ide host range and disease potential represent 
ancestral chlam ydial taxa. Three m ain g roups of highly  evolved and 
uniquely host-adapted chlamydiae are identified : C. trachomatis,
C. pneumoniae w ith  the MOMP genotype KOALA of chlam ydial isolates 
from  Phascolarctus cinereus (Koala), and a group of rum inant and  porcine 
isolates of C. psittaci w ith disease propensity for polyarthritis. These findings 
suggest that chlam ydial evolution proceeds from  an initially w ide host range 
and disease potential to unique host adaptation and high disease specificity.
Specific and  sensitive am plification of MOMP gene DNA sequences of all 
exam ined MOMP genotypes of Chlamydia was achieved in another two-step 
PCR. Degenerate, inosine containing oligonucleotide prim ers hom ologous 
to the 5' and  3' ends of the translated regions of all chlam ydial MOMP genes 
w ere used in a PCR to am plify a DNA fragm ent of approxim ately 1120 base 
pairs. A portion of this p rim ary  DNA fragm ent was am plified in a second 
genus-specific reaction yielding a DNA fragm ent of approxim ately 930 base 
pairs. A pair of degenerate oligonucleotide prim ers positioned internal to the 
first step prim ers was used in  this PCR. This m ethod detected three cognate 
chlam ydial genomes in a background of 1 pg unrelated DNA. MOMP genes 
of th irteen  represen ta tive  chlam ydial MOMP genotypes com prising the 
species C. trachomatis, C. pneumoniae, and C. psittaci w ere am plified. A 
group-specific secondary PCR used  one genus-specific prim er and three
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prim ers derived  from  d ifferen t fingerp rin t regions of m ajor g roups of 
chlam ydiae. This m ultiplex PCR differentiated these three groups by the 
leng th  of the am plified  D N A  fragm en ts , and  cou ld  to de tect the 
sim ultaneous presence of DNA from  MOMP genotypes of the different 
groups. F urther d ifferentiation betw een chlam ydial MOMP genotypes of 
these g roups w as achieved by  restric tion  endonuclease analysis of the 
secondary PCR products.
Both the C. psittaci subspecies-specific and  the Chlamydia genus-specific 
PCR detection of MOMP gene DNA sequences were applied to the analysis of 
clinical sam ples. DNA sequences corresponding to B577 /  LW508 MOMP 
genotypes of C. psittaci were detected w ith both m ethods in two out of seven 
milk samples from cases of bovine mastitis.
MOMP gene DNA sequences determ ined in this study have confirm ed and 
extended inform ation on this im portant chlam ydial protein. The m odel of 
the chlamydial phylogeny developed from these sequences, earlier studies on 
D N A  re la ted n ess  betw een  ch lam ydiae, se ro typ ing , and  restric tion  
endonuclease analyses em phasize the need for fu rther taxonom ic analysis 
and establishm ent of additional chlam ydial species. This present hypothesis 
of chlam ydial interrelations term inates also the dichotom y betw een avian 
and m am m alian strains of C. psittaci, and  it provides some answ ers to the 
long standing question of the hum an risk to infections through C. psittaci.
The ancestral MOMP genotypes MN, 6BC, and B577 are associated w ith 
avian hosts, but are equally found in mammals, and were also isolated from 
cases of severe hum an systemic infections w ith C. psittaci. Thus, occasionally 
these chlam ydiae m ight break ou t of their common hosts in a heterologous 
chain of infection, which is usually term inated in the atypical host. Of the 
m ore highly evolved C. psittaci MOMP genotypes only FEPN was associated
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w ith  localized hum an conjunctival infection. Increased host adap tation  
during  the course of chlam ydial evolution appears therefore to lim it the in 
vivo  invasiveness of h igh ly  evolved  varian ts of C. psittaci for hum an 
subjects.
K now ledge of the phylogenetic relationships am ong chlam ydiae m ight 
im prove the understanding  of their pathogenic and biochemical properties. 
It should also assist in the correct selection of disease models.
The data  presented in this study  indicate that the MOMP gene of extant 
variants of the genus Chlamydia can be sensitively detected by tw o-step PCR 
m ethodology. This highly specific technique requires little instrum entation 
and time. Am plified DNA fragm ents can be easily differentiated by group- 
specific secondary amplification and RFLP analysis. Rapid DNA sequencing 
of M OM P gene am plification p roducts w ith  novel RFLP could lead  to 
identification of as yet undefined  chlam ydial variants, and  can p rov ide 
deduced  pep tide  sequences of determ inants of chlam ydial seroreactivity. 
These hydrophilic  pep tides, derived  from  linear, h ighly  im m unogenic 
regions of chlam ydial MOMPs, m ight help to im prove serodiagnosis of 
chlam ydial infections using advanced ELISA m ethods (Fig. VI. 1.). Am ino 
acid sequences of chlam ydial MOMPs m ight also be instrum ental in the 
developm ent of synthetic pep tide  vaccines incorporating conserved T cell 
d e te rm in an ts  (Fig. VI.2.) together w ith  im m unodom inan t, infectiv ity  
neutralizing MOMP B cell determ inants in  colinear peptides.
The detection  of ch lam ydial DNA in  clinical sam ples w arran ts  the 
adaptation  and optim ization of PCR-am plification to clinical diagnosis of 
chlam ydial infection. Unlike hum an infections, the anim al diseases caused 
by chlam ydiae are not w idely recognized. We anticipate that the application 
of this PCR-based detection and differentiation of Chlamydia m ight reveal a
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Figure V I.l. Potential B cell epitopes of the MOMP of C. psittaci M OM P 
genotype MN revealed by a hydrophilicity-plot of the VD peptides.
VD I is represented w ith increased letter size in the upper, VD II in the 
m iddle, and VD IV in the lower panel. O utlined letters in VD IV indicate a 
hydrophobic nonapeptide conserved throughout the chlam ydial genus. VD 
III is not represented, because it does not elicit antibodies if native chlamydial 
EBs are used for im m unization (3). H ydrophilicity values above the m iddle 
baseline indicate a high probability  for B cell antigenicity of this pep tide  
region.
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Figure VI.2. Potential T helper cell epitopes w ithin  the MOMP of C. psittaci 
M N and  C. trachomatis LI as revealed  by an am phipath icity -p lo t of a 
conserved MOMP peptide between VD I and VD II.
The am p h ip a th ic  p e p tid e  ALNIW DRFDVF is conserved  in  m ost 
chlamydial genotypes, and only genotypes MN, 6BC, OA, 66P130, L71, and 
171 OS contain an isoleucine residue instead of valine. This C. trachomatis LI 
pep tide  is strongly  antigenic for T helper cells (136). Epitopes w hich are
antigenic for T helper cells are characterized by their highly am phipathic a -
helix or p-sheet regions.
1 0 6
surprisingly high prevalence of chlamydial infection and  m ight be a valuable 
tool to  fu rth e r  the  u n d e rs ta n d in g  of ch lam yd ia l ep idem io logy  and  
pathogenesis .
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